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ABSTRACT 
 
The aim of this study was to determine the pre- and post-plantar force differences of athletes 
competing in an ultra-endurance event.  The study was exploratory and quasi-experimental in 
nature and utilized a quantitative approach.  A Quasi-experimental, one group pretest, posttest 
design was used.  The study involved 84 participants selected by means of convenient sampling 
from a total of 1552 participants.  The equipment used for data collection was the RS Footscan®, 
stadiometer and a weight scale. Differences between the plantar forces before and after the 
competition were significant for the sample group, indicating higher forces before the 
competition (t = -3.62, p = 0.001, d = 0.40). Gender, and novice and expert groupings had no 
significant effect on the plantar forces (t = 1.43, p = 0.155 and t = 0.21, p = 0.837) respectively.  
Gender groups had large significant differences between the left and right forefoot (t = 3.90, p = 
0.000) and the heel (t = 3.54, p = 0.001), before the competition, but this difference was reduced 
after the competition from large to moderate significance for the forefoot and the heel (t = 2.84, p 
= 0.006 and t = 2.99 and p = 0.004) respectively. 
 
Lower forces after the ultra-endurance event may indicate compensation due to overuse; with 
less muscle contraction to control foot roll over for force distribution.  Favouring of the right foot 
for weight bearing changed after the event with smaller differences, which could indicate 
increase loading of the left feet, which may result in injury.  The number of females included in 
this study was relatively few and therefore the effect of gender in respect of plantar foot force 
exerted should be interpreted with caution. The novices recorded higher forces in the forefoot, 
after the competition. Similar results were found in other studies that reported increased 
pressures under the forefoot after long distance running. The latter findings may suggest that 
novices have a higher chance for overuse injury.  
 
Keywords:  Footscan, plantar force, ultra-endurance event. 
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CHAPTER 1 
PROBLEM IDENTIFICATION 
 
1.1  INTRODUCTION 
 
Performances in distance running have long been linked to physiological factors such as 
maximum oxygen consumption, muscle fiber type, anaerobic threshold and metabolic 
adaptations in the muscle. Biomechanical factors such as efficient running mechanics and the 
ability of muscles and tendons to store and release elastic energy have recently been 
considered as important inhibiting factors which limits the athlete‟s performance abilities in 
long distance events (Hasegawa, Yamauchi & Kraemer, 2007). 
 
The kinetic chain linking the foot through the ankle towards the knee and hip joints show that 
movement of one joint will influence the other.  By studying foot and ankle biomechanics 
one can predict disorders of the knee, hip, pelvis and back (Hasegawa et al. 2007). With the 
bearing of weight as one enters a gait pattern, the foot and ankle joint has a series of complex 
interactions with the bone and soft tissue which causes and contributes to a number of 
conditions. To investigate these interactions, researchers and clinicians have looked at several 
hypotheses and methods to determine how the anatomic and physiological structures 
function. Ground reaction forces, plantar pressures and body-segment kinematic 
measurements are largely used in gait analysis to characterise normal and abnormal function 
of the human foot (Giacomozzi, Macellari, Leardini & Benedetti, 2000). 
 
Running is a product of integrated movement activities of different joint and body segments. 
It is therefore necessary to investigate all the joints and segments of motion and their 
relationship with the entire movement of the body when discussing proper running technique. 
Understanding the runner‟s foot contact with the ground during the take-off and stance 
phases in normal gait has significant importance since the foot is the only body segment 
which applies direct force to the ground during running (Hasegawa et al. 2007). 
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1.2  CLARIFYING THE PROBLEM 
 
The participation in road races and endurance events as well as the incidence of running-
related and overload injuries have increased in recent years. The study of the foot and ankle 
has become an area of great interest in endurance events since excessive foot loading has 
been suggested as a potential cause for overload injuries (Karagounis, Prionas, Armenis, 
Tsiganos & Baltopoulos, 2009). Researchers have subsequently been investigating the effect 
that endurance events have on peak plantar pressures and forces in specific areas of the foot. 
Nagel, Fernholz, Kibele and Rosenbaum (2006) discovered that there are reduced peak 
pressures under the various toes but increased peak pressures and impulses under the 
metatarsals after long distance running. There is a definite lack of literature which explains 
the quantities of plantar pressure and force changes which occur when athletes compete in 
running events.  
 
The occurrence of injuries in ultra-endurance events such as the popular Iron Man has also 
not been investigated as yet. Therefore there seems to be a lack of sufficient data to describe 
and explain the plantar pressure and force changes that occur as a result of participation in 
ultra-endurance events. There is also a lack of information on novices competing in these 
types of events for the first time and how they will compare to those who have completed 
such an event before. Participants who previously competed in an Iron Man event may have 
different plantar force changes due to experience gained in previous events. The question 
then arises: What are the plantar force changes which occur at the foot when competing in 
ultra-endurance events? Furthermore one also needs to determine what the consequences – if 
any - with a change in these forces will be. 
 
1.3  AIM AND OBJECTIVES OF THE STUDY 
 
1.3.1 AIM OF THE STUDY 
 
The aim of this study was to determine the plantar forces which occur among athletes, before 
and after competing in an ultra-endurance event. 
 
  
3 
 
1.3.2  OBJECTIVES OF THE STUDY 
 
This study set out to research the following objectives in order to achieve the aim of this 
study: 
 
 To describe and compare the plantar forces of males and females before and 
after the ultra-endurance event; 
 
 To describe and compare plantar forces of previous Iron Man competitors and 
novices before and after the ultra-endurance event.  
 
 To describe and compare plantar forces of athletes before and after the ultra-
endurance event; 
 
 
1.4  RESEARCH HYPOTHESES 
 
The following research hypotheses were tested: 
 
Plantar forces differ significantly between: 
 
 Male and female Iron Man competitors; 
 
 Previous Iron Man competitors and novices; 
 
 Athletes before and after competing in an ultra-endurance event. 
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1.5  STATISTICAL HYPOTHESES 
 
The statistical hypotheses for the above research hypotheses are: 
 
H0:1: There is no difference between the plantar forces of male and female Iron Man 
competitors. 
H1:1: There is a difference between the plantar forces of male and female Iron Man 
competitors. 
 
H0:2: There is no difference between plantar forces of participants who previously 
completed an Iron Man event and novices. 
H1:2: There is a difference between plantar forces of participants who previously 
completed an Iron Man event and novices. 
 
H0:3: There is no difference between the plantar forces of Iron Man competitors 
before and after the ultra-endurance event. 
 H1:3: There is a difference between the plantar forces of Iron Man competitors 
before and after the ultra-endurance event.  
 
1.6  DEFINITION OF OPERATIONAL TERMINOLOGY 
 
The following terms are defined in order to facilitate the understanding of the thesis: 
 
 Pronation: Sole of the foot faces laterally due to medial rolling of the ankle at 
the sub-talar joint (Prentice, 2009). 
 Supination: Sole of the foot faces medially due to lateral rolling of the ankle at 
the sub-talar joint (Prentice, 2009). 
 Dorsiflexion: A forward-upward movement of the foot in the sagittal plane 
(Grisogono, 1984). 
 Plantar flexion: A forward-downward movement of the foot in the sagittal 
plane (Grisogono, 1984). 
 Inversion: The movement of turning the foot inwards at the intertarsal joints 
under the ankle so that the soles face each other (Grisogono, 1984). 
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 Eversion: The movement of turning the foot outwards at the intertarsal joints 
under the ankle so that the soles of the foot face away from each other 
(Grisogono, 1984). 
 Plantar forces: The forces measured under different compartments of the foot 
during the stance phase measured in Newton (N). 
 Plantar pressure: This is the force over a surface area measured in N.cm-2. 
 Previous Iron Man competitor (PIMC): The participants that were competing 
in the 2010 Iron Man competition but also completed an Iron Man event 
before the 2010 race. A PIMC would therefore have some experience in the 
event and the completion thereof. 
 Novice: A Novice refers to participants who participated in the 2010 Iron Man 
competition. This particular competition was their first Iron Man competition. 
 
1.7 SCOPE OF THE STUDY 
 
This study was exploratory and quasi-experimental in nature. Participants were all endurance 
athletes who entered the Iron Man, ultra-endurance event on the 25
th
 of April 2010.  Hundred 
and twenty seven (127) athletes were recruited at the registration venue three days before the 
Iron Man event. The researcher used convenience sampling. The testing and data collection 
procedure included a questionnaire, to gain insight on previous injuries, anthropometrical 
measurements, such as height and weight, as well as plantar force measurement using the RS 
Footscan®.   
 
Of the 127 recruited participants 84 athletes participated in the post-test of this study, meeting 
the required inclusion criteria and only their results were used for data analysis. Post-test data 
collection was collected within one hour after completion of the ultra-endurance event, at the 
finishing line of the event. The data obtained from the RS Footscan were used to compare 
plantar foot forces before and after the ultra-endurance event for the following groups: men 
and women; PIMC and novices to the event as well as the total group. 
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1.8  SIGNIFICANCE OF THE STUDY 
 
The foot is one of the most injury prone anatomical structures of the human body (Hasegawa 
et al. 2007). In recent years coaches and runners have started to appreciate the importance of 
improving running techniques in distance running (Hasegawa et al. 2007). It has been 
reported that running patterns change when mileage increases and in particular the foot 
pronation angle becomes greater during landing (Cheung & Ng, 2008). This phenomenon is 
hypothesized as being caused by the less active eccentric control of the foot inversion 
muscles. Runners will therefore be at greater risk for injuries due to a decrease in the function 
of the normal foot pronation which results in an increased impact loading (Cheung & Ng, 
2008). Since the foot invertors are the major stabilizing muscles for the rear-foot, the foot 
pronates more during running if these muscles become less efficient in controlling the rear-
foot. The loss of efficiency leads to higher plantar forces in the medial structures of the foot 
(Cheung & Ng, 2008). In addition Arndt, Ekenman, Westblad and Lundberg (2002) reported 
load variation on the metatarsals when foot musculature is fatigued. They found that the 
highest plantar pressures were under the metatarsal heads which indicates an increased risk 
for developing stress fractures in these regions. 
 
The question therefore arises: How will the plantar forces change with severe fatigue? This 
study aims not only to look at running but at an ultra-endurance event. The Iron Man 
competition entails a 3.2km swim, 140km cycle and a 42km run. With longer endurance 
events the muscles which control foot roll over tends to experience more fatigue and would 
therefore cause higher plantar forces under the metatarsal heads (Arndt et al. 2002). 
Providing information on the quantities of force changes can assist endurance athletes to 
identify potential risk for injuries, not only in the feet and ankles, but also in the knees, hips 
and lower back. Understanding the complex structures of the foot and ankle provides 
knowledge to prevent injury and improve performance and training techniques for ultra-
endurance athletes. 
 
The following chapter highlights literature to facilitate an understanding of plantar forces and 
their relevant effects on gender and experience categories.  
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 INTRODUCTION 
 
This chapter aims to provide an overview of the available literature and its contribution 
towards this study in order to provide further relevant information about the foot and plantar 
forces. Basic anatomy principles are discussed to support the understanding of the foot 
structure and its function. Anatomy structures play a crucial role in the function of the foot as 
the complex interactions need to be addressed to grasp the biomechanics of normal gait. 
Further analyses of the biomechanics of normal gait helped to assist the overall view of a 
„normal‟ plantar surface as one can address and comprehend the complete function of the foot 
in the kinetic chain. Literature regarding the differences between force and pressure as well 
as plantar force and pressure measuring instruments were included to discuss, differentiate 
and make informed decisions on the available instruments and techniques for measuring and 
analyzing plantar force. In order to improve the understanding of all the variables which act 
on and influence the plantar surface during running as well as walking, possible factors which 
may influence force and result in injuries were also discussed. This chapter also includes a 
short section on orthotics and shoe wear and the manner in which these factors play a crucial 
role with regards to injury occurrence, prevention and performance enhancement. 
 
The measurement of foot loading and the forces affecting the joints has advanced 
considerably over the past decades (Perttunen, 2002). In an upright stance the foot acts as the 
point where the body makes contact with the ground. It also levers the body forward during 
the process of walking. Knowledge of forces acting underneath the foot is required to 
understand different pathologies and to determine the manner in which these pathologies 
occur as well as how they can be prevented. Addressing biomechanical functions of the 
kinetic chain provides researchers with important information on the physiology and resultant 
forces of walking and running. Biomechanical factors such as maximum force and peak 
pressures can play a critical role in the detection of injuries in runners (Ho, Hou, Yang, Wu, 
Chen & Guo, 2010). It is therefore crucial to address these subjects when one is studying the 
ankle and foot complex. 
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2.2 THE ANATOMY OF THE FOOT 
 
The foot is located at the lower limb, distal to the ankle joint. It can be subdivided into three 
areas namely that of the ankle, the metatarsus and the five digits. In the horizontal plane the 
foot is further divided into a superior surface, the dorsum of the foot, and an inferior surface 
referred to as the sole of the foot (Drake, Vogl & Mitchell, 2005:557). The sole of the foot is 
divided into different subareas to measure plantar pressures and forces as they act on the 
anatomical structures of the foot. The foot consists of 28 bones, six joints, over a 100 
ligaments and multiple muscles and tendons which function to support the body‟s weight 
(Abboud, 2002; Drake et al. 2005:557). It is therefore important to discuss the anatomy of the 
foot in order to understand the complexity of the frameworks of the foot and how these 
function biomechanically. 
 
2.2.1  Bones of the foot 
 
The foot has three different groups of bones, namely tarsal bones which make up the skeletal 
framework, metatarsal bones and phalanges, which in turn make up the toes (figure 2.1). The 
tarsal bones consist of a proximal group and a distal group with an intermediate bone 
between the groups on the medial side (Drake et al. 2005:557-558). According to Abboud 
(2002) the foot can also be divided into four segments namely the hind foot, the midfoot, the 
forefoot and the phalanges. In the human foot loads are distributed unequally across the 
metatarsals during gait. This could possibly clarify why certain metatarsals are more prone to 
stress fractures than others (Griffin & Richmond, 2005). 
 
The articulations between the tarsal bones play an important role in the foot structure and 
function. The distal group of tarsal bones consists of the cuboids which articulate with the 
calcaneus and the front bases of the lateral two metatarsals labeled in figure 2.2 as metatarsal 
4 and 5. The lateral, intermediate and medial cuneiform bones articulate with the navicular 
bone and with the bases of the three medial metatarsals as indicated in figure 2.2 (Drake et al. 
2005:560-562). 
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Figure 2.1: Medial view of the bones of the foot. (Nordin & Frankel, 2001:224) 
 
 
Figure 2.2: Lateral view of the bones of the foot. (Nordin & Frankel, 2001:224) 
 
2.2.2  Ligaments of the foot 
 
Ligaments which stabilize the lateral aspect of the foot, as illustrated in figure 2.3, include the 
subtalar ligaments which are the interosseus talocalcaneal and the anterior, posterior, lateral 
and medial talocalcaneal ligaments (Prentice, 2009:568).  
Calcaneus 
Phalanges 
Metatarsal
s 
Tarsals 
Cuboid 
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Figure 2.3: Lateral view of ligaments of the foot. (Prentice, 2009:568) 
 
On the medial side of the foot, as shown in figure 2.4, the deltoid ligaments are the main 
stabilizing ligaments. The deltoid consists of the tibionavicular part, tibiocalcaneal part, 
posterior tibiotalar part and the anterior tibiotalar part (Drake et al. 2005:563). 
 
 
Figure 2.4: Medial view of the ligaments of the foot. (Prentice, 2009:568)  
 
2.2.3  Tendons of the foot 
 
Tendons from the muscles of the lower leg and the foot insert into the bony structure of the 
foot to assist as levers for movement and control. On the dorsal section of the foot, the most 
important tendons are located at the base of the phalanges where extensor muscles such as 
Subtalar 
ligaments 
Deltoid ligaments 
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tibialis anterior, extensor digitorum longus and brevis, extensor hallucis longus and brevis 
and the peroneus tendons insert (Pentice, 2009: 569). 
 
The plantar aspect contains flexor tendons consisting of four layers of muscle ranging from 
deep to superficial. Plantar interossei insert into the tendons on the proximal phalanx of the 
small toes and flexor as well as adduction and abduction tendons of the toes all insert into the 
phalanges to serve as levers for toe action (Prentice, 2009:571).  
 
2.2.4  Arches of the foot 
 
Another important anatomical structure of the foot is the arches of the foot. (Drake et al. 
2005:571). They assist in propelling the body during locomotion as well as ensuring that the 
foot does not collapse under the body‟s weight and assist in ensuring good contact with 
almost any uneven surface. This is made possible by the bony arrangements that form the 
arches together with muscles and ligaments (Abboud, 2002). There are two main arches 
namely the longitudinal arch and the transverse arch (figure 2.5). The longitudinal arch of the 
foot is formed between the posterior end of the calcaneus and the heads of the metatarsals. It 
is more prominent in terms of its height on the medial side where it forms the medial part of 
the longitudinal arch (Drake et al. 2005:571). The lateral part consists mainly of the 
calcaneus, the cuboid and the lateral two metatarsal bones. The medial part consists of the 
calcaneus, talus, navicular, the three cuneiforms and their three metatarsals (Abboud, 2002). 
The plantar calcaneonavicular ligament plays a crucial role with shock absorption in this area 
as it passes from the medial longitudinal arch to the calcaneus thus acting as a spring that 
returns the arch to its original position after being stretched (Prentice, 2009:565).  
 
            
Figure 2.5: Arches of the foot. (Prentice, 2009:565) 
Medial Longitudinal Arch Lateral Longitudinal Arch Transverse Arch 
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The medial and lateral longitudinal arches are relatively rigid when in static weight bearing 
positions but it becomes more compliant during walking (Abboud, 2002). The transverse 
arch, as seen in figure 2.5, is at its highest form in a coronal plane that cuts through the head 
of the talus (Drake et al. 2005:571). It forms a convex curve in the direction of the dorsum of 
the foot when not bearing any weight. The integrity of the arches is supported by ligaments, 
muscles and tendons which provide strength, flexibility and movement that will be required 
for normal function (Abboud, 2002). 
 
The plantar aponeurosis, long plantar ligament and spring ligament are responsible for 
maintaining the integrity of the arch of the foot. It is of great biomechanical importance as it 
has an energy-storing mechanism during gait (Caravaggi, Pataky, Goulermas, Savage & 
Crompton, 2009). Muscles which provide dynamic support for the arches during walking 
include the tibialis anterior and posterior as well as the fibularis longus. These structures of 
arch formations, stabilization and support ensures the absorption and distribution of 
downward forces from the body as a person is standing and moving on different surfaces 
(Drake et al. 2005:571). 
 
2.2.5  Joints of the foot 
 
The human foot consists of several joints which ensure the optimal functioning and load 
distribution within the foot. The joints of the foot can be divided into five categories: 
 
 Interphalangeal 
These joints are located at the distal extremities of the proximal and middle phalanges at the 
bases of the adjacent middle and distal phalanges. It consists of hinge joints which only allow 
flexion and extensions (Prentice, 2009:567). Two degrees of freedom of motion thus occurs 
within this joint (Abboud, 2002). The ligaments which stabilize these joints are medial and 
lateral collateral ligaments as well as plantar and dorsal surface interphalangeal ligaments 
(Prentice, 2009:567). 
 
 Metatarsophalangeal 
This group consists of the joints formed between the metatarsals and phalange. They allow 
for flexion, extensions as well as the abduction and adduction movements. They are therefore 
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condyloid in nature. Each joint has collateral ligaments as well as plantar and dorsal 
metatarsophalangeal ligaments (Prentice, 2009:567). This joint therefore allows motion in 
two degrees of freedom, plantar and dorsiflexion as well as abduction and adduction 
(Abboud, 2002). 
 
 Intermetatarsal 
This group includes two sets of articulations and is referred to as sliding joints. The first set 
of articulation occurs on each side of the base of the metatarsal bones and the second 
articulations are located on each side of the heads of the metatarsal bone. Ligaments which 
support these joints include plantar and dorsal ligaments at the bases, transverse metatarsal 
ligaments for the heads and interosseus ligaments at the shafts of the metatarsals (Prentice, 
2009:567). These joints only allow a single degree of freedom of motion (Abboud, 2002). 
 
 Tarsometatarsal 
This joint is formed by the junction of the bases of the metatarsals with the cubiod and the 
three cuneiforms. It is a saddle shaped joint which allows a small degree of gliding as well as 
flexion, extension, abduction and adduction. This joint which is also referred to as the 
Lisfranc‟s joint is supported by the interosseous ligament which joins the three cuneiforms to 
the metatarsals and the dorsal and plantar taro metatarsal ligaments which in turn join the 
metatarsals to the tarsal bones (Prentice, 2009:567). 
 
 Subtalar and Midtarsal 
The subtalar joint acts as the articulation between the talus and the calcaneus. It is an 
important joint as it allows inversion, eversion, pronation and supination.  
Inversion refers to a movement of the calcaneus in such a manner for the sole of the foot to 
move and turn inwards or medially. Eversion is the exact opposite direction of movement of 
the calcaneus which allows the sole of the foot to move outwards and laterally (Abboud, 
2002; Prentice, 2009:567). 
Pronation refers to the combined movements during weight bearing, of talar plantar flexion, 
adduction and calcaneal eversion. Foot supination is therefore the combined movements of 
the talar dorsiflexion and abduction and calcaneal inversion. Movement is therefore occurring 
in three planes called triplanar movement of the subtalar joint (Abboud, 2002; Prentice, 
2009:567). 
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The Midtarsal or Chopart‟s joint consists of the calcaneocuboid and talonavicular joints. The 
Chopart‟s joint‟s stability is directly related to the position of the subtalar joint and 
ligamentous muscle tension plays a crucial role for maintenance of the integrity and position. 
With supination of the subtalar joint, the midtarsal joint becomes hypermobile and with 
pronation the talonavicular and calcaneocuboid joints become hypermobile (Prentice, 
2009:567). This joint has two degrees of freedom of motion occurring independent from each 
other. As mentioned before, it allows adduction and abduction as well as dorsiflexion and 
plantar flexion to take place (Abboud, 2002). 
 
2.2.6  Muscles of the foot 
 
To further understand the structures which influence the function of the foot the major 
muscles that act to cause movements such as pronation, supination, abduction and adduction, 
plantar flexion, dorsiflexion and eversion and inversion should also be mentioned.  
 
 Plantar flexors include the gastrocnemius, soleus, plantaris, peroneus longus, peroneus 
brevis, tibialis posterior, flexor hallucis longus and flexor digitorum longus (Prentice, 
2009:569). The minimum range of plantarflexion needed for normal range of motion is 
20˚ (Abboud, 2002). 
 
 Dorsiflexion is brought about by the tibialis anterior, extensor digitorum longus, 
extensor hallicis longus, and peroneus tertius (Prentice, 2009:569). For normal 
locomotion 10˚ of dorsiflexion is necessary (Abboud, 2002). 
 
 For inversions, adduction and supination the major muscles are tibialis posterior, flexor 
digitorum longus, flexor hallicis longus, tibialis anterior and extensor hallucis longus 
(Prentice, 2009:569) 
 
 
 Eversion, abduction and pronation are caused by the peroneus longus, peroneus brevis, 
peroneus tertius and extensor digitorum longus (Prentice, 2009:569). 
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The bony structure of the foot, ligaments and tendons work as codependents to assure that the 
structure and integrity of the foot is maintained. Muscles with their tendons help to move the 
foot in three dimensions resulting in complex interactions that assist weight bearing and 
normal force distribution in normal gait. 
 
2.3  BIOMECHANICS OF THE FOOT 
 
Biomechanics is the study of normal mechanics which include kinetics and kinematics 
applied to the musculoskeletal system. It analyses forces and their effects on anatomical 
structures by looking at the combined influence of muscles, tendons, ligaments and bones 
(Jacob, 2001; Abboud, 2002). For this particular study, the biomechanical analysis of the 
plantar surface as well as the role of the foot in the kinetic chain is of paramount importance. 
Biomechanical analyses provide vital information regarding the forces acting on the plantar 
surface and the role they play during gait. The anatomy of the foot is arranged in such a way 
as to ensure normal ambulation which consists of a stance phase and a swing phase (Drake et 
al. 2005). As discussed in the previous section, the important mechanical structures of the 
foot include the bony skeleton which is responsible for lever arm mechanism, joints which 
assist with flexibility and shock absorption, and muscles and tendons that assist with 
controlling foot movement (Stott, Hutton & Stokes, 1973; Abboud, 2002). These structures 
act as a unit in order to provide normal walking and running gait and biomechanical 
principles are used to analyse this occurrence. Research therefore aims to provide information 
on these structures and their functions in a scientific manner to provide clarity on the 
complex interactions of not only the foot and ankle but also the entire kinetic chain. 
 
2.3.1  Analyses of foot motion 
 
Gross motion of the foot occurs around three axes and on three planes. Flexion and extension 
occurs in the sagittal plane. Abduction and adduction occurs in the horizontal plane and 
inversion and eversion occurs in the frontal plane (Nordin & Frankel, 2001:223-225; Abboud, 
2002). Foot to ground contact during the stance phase in locomotion is difficult to analyze 
due to the anatomical complexity of the foot segment (De Cock, De Clercq, Willems & 
Witvrouw, 2004). Recently pressure plates and insole systems have been used to measure 
plantar pressure distribution therefore allowing the opportunity to analyze the pressure 
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images that the systems provide for the entire sole. According to Foss, Ford, Myer and 
Hewett (2009) the normal progression of peak foot pressures during gait is from heel to 
lateral mid foot followed by lateral forefoot and moving to medial forefoot. In the normal 
rear-strike loading pattern a peak in the pressure occurs at heel strike and a second peak 
occurs at toe off at the end of the stance phase. The lowest pressure occurs in the mid foot 
with less pressure in the medial than in the lateral midfoot. Deviations in this progression 
may impair the ability of the entire lower leg to attenuate force and can result in repetitive 
stress injury. During the stance phase the foot has to adapt to a change in the pattern of 
loading as the center of mass of the body moves. As stated by Newton‟s third law, an equal 
and opposite reaction namely the ground reaction force is acting on the foot as one makes 
contact with the ground during normal heel strike when walking. The ground reaction force 
will change its magnitude and direction as the body moves forward or backward (Abboud, 
2002). 
 
The foot is the end part of the lower kinetic chain made up of the hip, knee, lower leg and 
ankle. It therefore opposes external resistance and inadequate distribution of these forces 
which include compressive, tensile, shearing and rotatory forces which could lead to 
abnormal movement. The ankle and foot needs to work with normal mechanics, 
athrokinematics and proprioception during static and dynamic weight bearing to ensure 
efficient force attenuation. Excessive stresses under abnormal biomechanics will lead to a 
breakdown of soft tissue and muscle (Jacobs, 2001; Abboud, 2002). 
 
With relation to the present study it is important to have a comprehensive understanding of 
the role of the foot as part of the kinetic chain. Focusing on the breakdown of the areas of the 
foot such as the forefoot, midfoot and heel in order to determine the manner in which they 
function during gait, is essential in order to gain insight into a normal or expected reaction to 
weight bearing. 
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2.3.2  Gait Cycle 
 
Perttunen (2002) defines the gait cycle as the duration of the heel contact of one foot to the 
next heel contact of the same foot. This time interval is known as the stride time (Abboud, 
2002). The foot rolls over the ground during each walking step and the center of mass 
progress on the ground like a wheel in relation to an individuals‟ leg length (Adamczyk, 
Collins & Kuo, 2006). The cycle can then be divided into a stance phase of 60% and a swing 
phase of 40% as illustrated in figure 2.6 (Rodgers, 1980; Perttuten, 2002; Abboud, 2002). 
The gait cycle allows biomechanical analysis of the foot as well as the kinetic chain 
providing information on the role of the foot during gait. 
 
 
Figure 2.6: The gait cycle. (Nordin & Frankel, 2001:227) 
 
The stance phase can subsequently be subdivided into a first double support phase, a single 
support phase and a second double support phase (Perttuten, 2002). The movement of the 
foot can be divided into sections defined as the heel strike (HS), forefoot loading (FFL), mid-
stance (MS), heel off (HO), and toe off (TO) (Abboud, 2002). Perttunen (2002) explains the 
breakdown in eight stages namely five for the stance phase and three for the swing phase, as 
indicated in figure 2.7. They are initial contact and load response as the foot accepts the 
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weight with HS. This is followed by mid-stance and terminal stance during the single limb 
support phase and lastly the pre-swing phase. The swing phases are subsequently divided into 
initial swing, mid-swing and terminal swing. During the initial swing phase the swinging leg 
is accelerated forward by the hip and knee flexion whiles the ankle dorsiflexes. In mid-swing 
the accelerating limb is aligned with the stance limb. With the final terminal swing phase the 
leg decelerates through the contracting hamstring muscles and prepares for contact with the 
ground (Perttuten, 2002). 
 
 
Figure 2.7: Foot position in gait cycle. (Nordin & Frankel, 2001:227) 
 
Several authors have recommended a specific technique for initial foot contact and take-off to 
and from the ground respectively. The most prominent foot contact theory is that of a heel-
midfoot to forefoot push-off contact sequence. Many elite athletes, however, do not follow 
this technique. Several studies have investigated the kinematic and kinetic differences 
between rear foot strike, mid-foot strike and forefoot strike patterns at foot landing and how 
this will affect running economy and injury occurrence (Hasegawa et al. 2007). 
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Hasengawa et al. (2007) reported new recommendations that contra-indicated the 
conventional heel-toe theory. This theory does not always include walking and running 
research and foot strike patterns of real road race patterns. Athletes competing in endurance 
events follow different patterns such as a higher mid-foot or forefoot strike. Hasengawa et al. 
(2007) observed with motion analysis that top ranked endurance athletes had mid-foot 
striking patterns in a marathon race. This proves that striking patterns alone cannot predict 
performance and injury occurrence as previously thought. 
 
During gait the largest area of foot-ground contact occurs at the medial forefoot which is 
followed by the lateral mid-foot and the hind foot. Area contact time is defined as the 
duration of contact in each foot region expressed as a percentage of the entire stance phase of 
gait. Typically the heel and great toe are both in contact with the ground for approximately 
54% and 64% of the stance phase. The medial forefoot may hold contact with the ground for 
up to 84% of the stance phase. Rear strike runners tend to land in approximately 5˚ of 
inversion of the calcaneus, travelling into 10˚ of eversion by mid stance. Forefoot strikers 
land in a greater degree of inversion and therefore have greater eversion. In a forefoot-strike 
pattern contact time and acceleration time are both shorter, being 12% and 25% respectively, 
than other strike patterns (Foss et al. 2009). These factors may lead to increased risk of injury 
of the foot and lower extremity. 
 
When looking in more depth at the ground reaction forces, the magnitude, direction, point of 
application and the way the forces spread and act over the plantar surface of the foot is of 
great importance to assess, predict and prevent injuries of the lower limb (Abboud, 2002). 
The largest force is the vertical component. The acceleration of the body‟s center of mass in 
the vertical direction is caused by this component of ground reaction force. In the first 100 
milliseconds (ms) of contact the vertical component can reach a maximum of 120% of the 
body weight. It drops to a magnitude of between 60-80% of the body weight during a single 
leg stance. The center of gravity is therefore then located around the middle of the pelvis and 
a sinusoidal motion occurs during walking. The horizontal reaction forces are much smaller. 
The anterior-posterior amplitudes are about 25% of the body weight while medio-lateral 
forces being less than 10% of the body weight (Perttunen, 2002). These forces interact for the 
purpose of acceleration and deceleration combining functions of the muscles, tendons and 
bones of the kinetic chain to control kinematic and kinetic progression of the foot with the 
ground (Abboud, 2002). 
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Abboud (2002) gave a detailed discussion of the muscle action of the foot during heel strike, 
forefoot contact, mid swing, heel off, propulsion, toe-off and swing phase. These discussions 
were similar to the findings of a study conducted by Perttunen (2002). Both Abboud and 
Perttunen state the synergists and antagonists of the lower leg to control foot position in gait. 
They stated that muscle activity peaked during initial foot contact. The anterior compartment 
muscles are active during terminal swing phase, at heel contact and at the beginning of 
acceleration at the swing phase. Plantar flexors are active in the push-off phase and knee 
flexors at deceleration during the swing phase. Knee extensors are most active during the 
transition from swing phase to stance phase and at the end of the push-off phase with early 
swing phase that follows (Abboud, 2002; Perttunen, 2002). Abboud (2002) also mentions the 
responsibilities of the eccentric contraction of the tibialis anterior and extensor hallucis 
longus to control deceleration of plantarflexion as the foot comes down for the heel strike. 
Failure or fatigue of these muscles will cause a sudden „slapping‟ of the forefoot to the 
ground which in turn cause elevated plantar pressures and ground reaction forces. 
 
These findings provide insight to gait analysis and explain why certain individuals will 
experience higher forces under certain areas of the foot while others would experience fatigue 
when walking or running. It can also assist with determining the cause of several injuries of 
the lower leg. 
 
2.3.3  Gait Speed 
 
Walking speed is the product of step frequency and step length. The control of speed is 
important as it affects the magnitude of ground reaction forces (Perttunen, 2002). There are 
different theories available on the choice of gait speed or self-selected speed to provide 
reliable and valid data with research being conducted. 
 
For research to be applicable and trustworthy the gait protocol used to collect force and 
pressure data should be representative of each subjects‟ usual gait (Wearing, Urry, Smeathers 
& Battistutta 1999). Walking speed measures in different studies ranged between 0.83m.s
-1
 
and 1.59 m.s
-1
 (Prince, Corriveau, Hebert & Winter, 1997). Chiu and Wang (2007) reported 
that an average speed that range between 1.23m.s
-1
 and 1.25m.s
-1
 is most efficient for 
humans. Increased walking speeds have increased muscle activity. Constant speed is 
21 
 
important in a study concerned with the science of the gait cycle to ensure a constant foot 
pressure during walking and thereby providing accurate and valid research (Steffen, Hacker 
& Mollinger, 2002). The peak plantar pressures and ground reaction forces may vary at 
similar walking speeds since walking speed can be produced with different combinations of 
stride length and cadence and there is an increase in ground reaction forces and mean peak 
pressures with an increase in speed (Perttunen, 2002; Burnfield, Few, Mohammed & Perry, 
2004; Chiu & Wang, 2007). As walking speed increases the hind foot everts more causing a 
pronounced pronation. Higher peak pressures in all areas of the foot except the medial 
forefoot and hallux were the result of increased speeds of 1.5m.s
-1
 to 2.5m.s
-1
 in a study by 
Ho et al. (2010). They compared pressures for different set speeds and inclines and found a 
33% increase in heel peak pressures with set increases in speed. According to Prentice (2009) 
the function of the anatomical structures as the foot makes initial contact and rolls over to 
push off will be altered with an increase in speed. In normal gait at initial contact the subtalar 
joint is supinated and this causes the tibia to rotate externally. In the loading phase that 
follows, the subtalar joint moves into pronation and the tibia consequently rotates internally 
until the foot is in full contact with the walking surface. With tibial rotation the knee is 
rotating around the transverse plane. The subtalar joint remains pronated through 55 to 85% 
of the stance phase. The foot then resupinates and approaches a neutral subtalar position at 
70-90% of the stance phase (Prentice, 2009). If the subtalar joint should pronate too early 
during the stance phase, moderate to excessive pronation of the foot will occur which could 
lead to soft tissue damage. Increase in speed can therefore cause injuries due to pronation and 
lead to several changes within the kinetic chain. 
 
Crosbie, Vachalathiti and Smith (1997) conducted a study to compare walking speeds and 
age related factors. They compared trials at self-selected walking speeds and found that the 
differences in loading were rather based on step-length differences of the older adults than the 
intrinsic factors involved. Bohannon (1997) study showed similar results where timed gait of 
230 healthy subjects that were aged between 20 and 70 years were recorded. Comfortable and 
maximum gait speed was timed over a 7.62m expanse floor. Actual and height normalized 
speeds were also determined. Lower extremity muscle strength was also measured with a 
hand held dynamometer. The study concluded that gait speed differs in individuals of greater 
age and of lesser height and lower extremity muscle strength. This indicates that set walking 
speeds may alter normal gait if the speed is not normalized for age and height. Hreljac (1995) 
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studied the gait transition factors and reported that a self-selected comfortable speed is most 
energy sufficient and based on previous experienced proprioception feedback systems. 
 
When studying running speed it has been reported that most runners are rear-foot or heel 
strikers. Hasegawa et al. (2007) found that 25% of runners competing in an elite-level 
marathon were midfoot strikers. In the top 50 runners (including professional and Olympian 
athletes) 36% were midfoot strikers. This was at a pace of 15 minutes 17 seconds per 5km. 
Of the 50 athletes, running at a speed faster than 15 minutes 52 seconds, 32% were midfoot 
strikers. This proves that a majority of faster runners do not make contact with their heel first 
as was originally hypothesized. The new hypothesis suggest that a greater percentage of 
runners do not make contact with their heel first when running at an increased speed. The 
authors therefore found that with increased running speeds there is a shift from heel strike to 
mid-foot strike. This is to increase running economy as it gives a shorter contact time with 
inversion at foot contact. The result is a possible adaptation for usage of elastic energy 
(Hasegawa et al. 2007). 
 
For the present study knowledge of gait patterns and compensations which may occur in 
different scenarios assist to ensure that data collection is conducted in the most reliable 
manner. The literature reviewed has assisted the researcher in identifying a self-selected 
walking speed protocol as relevant for the present study to ensure a comfortable steady state 
gait for different ages and genders. Information on normal gait patterns and possible 
compensations provide a platform for discussions of force changes or differences in 
participants.  
 
2.4  PLANTAR FORCE VERSUS PLANTAR PRESSURE 
 
In the analyses of the plantar surface it is important to understand the difference between 
force and pressure. At this point differentiation between the two interpretations will be 
highlighted with the aim of assisting with the understanding of methodology choices within 
this particular study. Force can be defined as the pulling or pushing action which causes a 
body which is in a state of rest to change its state of rest (Hay, 1993:60). In the normal human 
gait the force being exerted on the plantar surface is that of the ground onto the foot as well 
as the body weight onto the ground. Newton‟s 3rd law then comes into play. It states that for 
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every action there is an equal and opposite reaction (Nordin & Frankel, 2001:5). With heel 
strike the body exerts force onto the ground and there is an equal and opposite ground 
reaction force. It can therefore be stated that force will be different for every individual with a 
different weight and gait pattern as well as when exerted on different surfaces since the 
magnitude and direction will have a different result. It is imperative to mention that force can 
alter or tends to alter a body‟s state of rest or motion - it does not always cause motion or 
deceleration. Forces acting on one object can be calculated by adding the involved forces 
while taking into account the direction in which they are applied. The conclusion is a 
resultant force. The term “force” includes the concepts of internal forces and external forces 
which in turn include air resistance, gravity and contact with the ground or other bodies. 
Force measurement in biomechanical analyses allows one to measure not only applied forces 
on the body but also reaction forces. As previously mentioned force has a magnitude and 
direction and can be calculated with scientific methods where one uses vectors and scalars to 
work out resultant forces and their actions (Nordin & Frankel, 2001:3). 
 
In running and sport research, several authors have highlighted the importance of ground 
reaction force when measuring foot function (Christina, White & Gilchrist, 2001; Queen, 
Mall, Nunley & Chuckpaiwong, 2009; Van Ginckel, Thijs, Hesar, Mahieu, De Clercq, 
Roosen & Witvrouw, 2009). One of the factors which differentiate forces from pressure and 
makes it a superior match for analyzing a sporting sample, is the fact that it gives information 
on the magnitude of the reaction between the foot and the ground at a perpendicular angle 
while pressure looks at surface area and time spent at no particular angle. For the current 
study the magnitude at the perpendicular angle provided the necessary information for 
analyzing the biomechanics of the foot. This allows for analysis of force as recorded by a 
force platform, without influencing the recorded data by dividing it or calculating the forces 
applied through other mathematical measures. As suggested by literature, forces explain the 
biomechanical principles for athletes‟ plantar surface best and were therefore incorporated for 
the current study. As far as could be ascertain no studies has directly addressed the choice of 
measurement (be it force or pressure) when assessing the plantar surface. The information 
gathered did however give a preference to force measurements when comparing 
biomechanical factors of an athletic population, while pressure was mostly used assessing 
general or pathological populations. The choice of force measurements, with the chosen 
apparatus, the RS Footscan®, did provide a benefit to the researcher with the process of data 
analyses. The RS Footscan® program allows for force summation of trials for each 
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compartment of the plantar surface when exporting data tables. The procedures will be 
discussed in more detail in the following chapter. 
 
Pressure is defined as the force exerted on a body divided by the area over which the 
particular force is exerted (Hay, 1993:95). The concept of pressure is of importance with 
regards to safety measurements in sport (Hay, 1993:96). Examples include protective 
clothing and techniques to spread force over greater surfaces as in high jump landing, 
motorcycling protective gear and shoe wear designed for cross training. The concept of 
pressure goes hand in hand with time. High or low pressures have to act for a certain period 
of time for injury to occur or to be prevented respectively. Sufficient time has to elapse for 
permanent deformation to occur hence the pressure impulse and time intervals play a crucial 
role in describing pressure. Pressure is therefore a result that is static or dynamic and which 
relies on the surface area that it acts upon over time.  
 
Morag and Cavanagh (1999:360) created a model to determine structural and functional 
abnormalities that may lead to foot injuries. The model focused on plantar pressures for the 
general population. They also mentioned that with restriction of passive and active ranges of 
motion there is a result of elevated plantar pressures. 
 
Zammit, Menz and Munteanu (2010) reported that pressure systems are mostly used to 
evaluate foot function in general populations. Elevated pressures are recognized as a 
causative factor in the development of several pathologies of the plantar surface including 
stress fractures, calluses formation and ulcerations. High plantar pressures are associated with 
forefoot deformity, increased heel pad stiffness and lesser toe deformity. Force measurements 
on the other hand play a role in the management of lower limb disorders specifically looking 
at measurement of ground reaction forces and footwear modifications. 
 
It can be hypothesized that pressure is a good indicator for the general population and 
diagnosis of structural and functional deformities. This is supported by several authors 
(Luger, Nissan, Karpf, Steinberg & Dekel, 1999; Gefen, Megido-Ravid, Itzchak & Arcan, 
2002, Teyhen, Stoltenberg, Collinworth, Giesel, Williams, Kardouni, Molloy, Goffar, 
Christie & McPoil, 2009). 
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When one uses pressure to analyze the biomechanics of the foot, the main focus is on the 
force over a particular calculated or anatomical area. Force tends to have the focus on an 
applied and reaction (or interaction) of the foot to the ground to make conclusions 
surrounding the applied forces. Pressure has the main focus on an applied force over an area 
with no particular direction. 
 
2.5  PLANTAR FORCE AND PRESSURE MEASURING 
INSTRUMENTS AND TECHNIQUES 
 
Over the past couple of centuries researchers and practitioners have explored several 
techniques to measure plantar forces and pressures under the foot. To date several systems 
are available ranging from simple and cost effective to complex and expensive (Abboud, 
2002). This section aims to provide a summary of different systems available for research, 
their validity, reliability and limitations. 
  
Perttunen (2002) summarized several pressure distribution studies as far back as the year 
1882 when researchers collected data by „staining‟ feet and stepping onto paper to observe 
and study foot structures. Since then technology has developed to such an extent as to provide 
several different techniques and systems from a wide variety of manufacturers. In a study 
conducted by Perttunen (2002) he describes three techniques for measuring plantar foot 
pressure namely a) measuring pressure from the bare plantar surface to the ground, b) 
between the sole of the shoe and the ground and c) between the plantar surface of the foot and 
the insole of the shoe. At this present time there are several systems available on the market 
for both clinical and research usage. Some of these systems include force plates, force and 
pressure platforms, in-soles and 3-D systems. Each system has its benefits and limitations but 
limited research is available which compare these systems with one another. 
 
Several authors advise the use of the force platform for obtaining ground reaction forces. It 
consists of a steel boxed plate that can be mounted into a walkway. By walking over the plate 
normally, it provides detailed information regarding forces acting on the plantar surface. It 
also allows for calculations of ankle-joint reaction forces (Rodgers, 1988). Limitations arise 
when only one step measurements can be made (to obtain the center of mass) and the 
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apparatus does not account for three dimensional gait changes to support the captured data 
(Arndt, Ekenman, Westblad & Lundberg, 2002; Perttunen, 2002; Rodgers, 1988). 
 
In contrast Chesnin, Selby-Silverstein and Besser (2000) found excellent correlation when 
comparing a force plate (the Advance Mechanical Technology Inc. force plate) with an in-
shoe pressure measurement device (the Parotec System) to calculate the center of pressure as 
well as the center of mass. The ground reaction force data that was captured reflected the 
magnitude and direction of loading that was directly applied to the foot and ankle structure 
during loading. The in-shoe measurement device differed from the plate as it measured forces 
between the sole of the foot and the surface of the shoe. This device is placed inside a 
participant‟s shoe or a type of sock to record data when walking. Sensors are arranged in such 
a way as to measure pressure applied to specific anatomical areas. 
Pressure systems challenged the deficiencies of force plates by measuring the specific 
location of pressures under the foot as they occur while the foot is moving. With this 
additional information dynamic foot function could be studied. Pressure platforms are 
developed as square, flat mats and one meter or two meter plates which collect several steps 
of data (Willems De Clercq, Delbaere, Vanderstraeten, De Cock & Witvrouw 2006).  
 
At present, plantar pressure measurement devices can be considered common instruments for 
obtaining kinetic data in the biomechanics of human motions. To examine intrinsic foot roll-
over and to eliminate possible effects of footwear, more research is being done barefoot and 
not only with gait but also with running (Maiwald, Grau, Krauss, Maunch, Axmann & 
Horstmann, 2008). Pressure platforms yield only a single ground contact for each 
measurement trial whereas pressure insoles allow recording of multiple consecutive steps. 
According to Maiwald et al. (2008) barefoot running requires pressure platforms rather than 
insoles for data capturing since insoles are expensive and have a short life span. The RSscan 
footscan® was developed in Belgium with the aim of providing force and pressure data for 
several steps for clinical and research usage (Rochconger, Pennes & Carne, 1995). This 
system is used to measure athletes by focusing on foot type and variations in lower limb 
anatomy in order to predict and prevent injuries. It is a more cost effective measuring 
instrument which provides data for several steps in a single trial. It also happened to be a very 
durable instrument. The system allows measurement of a bigger sample group when 
compared to in-soles (Willems et al. 2006). The use of the RS Footscan® is therefore 
considered to be the instrument of choice for the capturing of data for this study. It provides 
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data for several steps and allows several trials for reproducibility and reliability 
measurements. Titianova, Mateev and Tarkka (2004) mentioned the benefits of new 
technology such as the RS Footscan® that have portable walkways with embedded pressure 
sensitive sensors. The pressure sensor system records the location of the foot as it activates 
sensors and then provides information regarding the time and magnitude of their activation 
and deactivation. The walkway may not obtain as much information as would be the case 
with the 3-D motion analysis systems but it provides information regarding spatial and 
temporal variables of gait along with dynamic force and pressure readings of each footprint 
during walking (Titianavo et al. 2004). Willems et al. (2006) made use of 3-D kinematics, 
combined with plantar pressure measurements for their study of gait related risk factors for 
lower leg pain. They placed retro-reflective markers on specific anatomical landmarks and 
captured video data for gait analyses. This method provides a much wider range of data to 
analyze the entire kinetic chain. 
 
A study conducted by Zammit, Menz and Munteanu (2010) tested the reliability of the 
TekScan MatScan® and found that the system produced moderate to good reliable results 
when measuring plantar forces and pressures during barefoot walking. This indicated the 
reliability of pressure and force platforms which can record multiple steps. The EMED-X 
pressure platform also produces reliable force data for barefoot running. The authors of this 
study did, however, find a 2.3% to 3.1% root mean square error for relative force-time 
integrals. Rear-foot data had a slightly increased measurement error for with-in subject 
reproducibility compared with the forefoot (Maiwald et al. 2008). New theories are 
constantly being developed as researchers are exposed to better technology in the 
biomechanical field. 
 
In the 1990‟s researchers challenged the tripod stance theory as pressure platforms revealed 
information regarding peak pressures under the heel as well as loading of the metatarsal 
heads. An increased walking speed also displayed shifts in pressure distribution from lateral 
to medial. Furthermore several studies investigated the foot structure and changes in foot 
pressure distribution when individuals have, for example, rigid arches versus flat, flexible 
arches (Perttunen, 2002; Rogers, 1988). In a study conducted by Maiwald et al. (2008) 
plantar pressure measures were obtained to examine foot movements not only for gait, but 
also for running. Reproducibility of plantar pressure distribution data was assessed by 
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calculating interclass correlation coefficients and results indicated that force-time integral 
variables displayed the best results within the subject reproducibility.  
 
McCaw and DeVita (1995) investigated the errors which could arise if the centre of the 
pressure of the foot were shifted and the manner in which this effect predicted torques of the 
lower leg. They found that a 0.5 centimeter (cm) shift caused an average of 7% change in 
predicted torques while a 1.0cm shift caused an average of 14% change in torques. They 
concluded that due to potential errors in the spatial alignment of kinetic and kinematic data, 
joint torques in literature on gait should be considered as approximations of the true values. 
 
Rai, Aggarwal and Bahadur (2006) also reported on the diversity of systems which are 
available for measuring plantar forces and/or pressures. According to the authors different 
measuring systems produce different results. They therefore used the technique of calculating 
percentage pressure normalized to that of peak pressures instead of the absolute value of 
pressure. They attempted to compare right and left foot pedobarographs in normal and 
pathological subjects. With the percentage technique their results showed that the majority of 
normal subjects (76%) experienced greater pressures on their right feet. Pathological patients 
experienced the higher pressures at the location of the pathology. When comparing results of 
any force or pressure analyses, it is very important to calculate the percentage difference 
which may occur between different measuring instruments. 
 
Bus and de Lange (2005) conducted a study to test reliability and reproducibility of three 
different step-protocols commonly used for barefoot force and pressure measurements. The 
midgait protocol is regarded as the gold standard for data collection as it allows for a steady 
state to be reached before any measurement is taken. Unfortunately this procedure is a time 
consuming protocol and also requires several trials for data collection. To test for reliability 
and validity, subjects were requested to walk at a self-selected speed for ten repeated trials 
per protocol (the one-step protocol, two-step protocol and three step-protocols). According to 
the authors three to five repeated trials have consistently been reported necessary for reliable 
data collection. A minimum of five trials per participant were completed. Tests trials were 
also conducted in order for subjects to familiarize themselves with the protocol. In trials 
where subjects‟ entire foot surface did not make contact with the platform or in cases where 
gait abnormality were noticed, data was not captured and the test had to be repeated. 
Interclass correlation coefficients (ICC) were calculated for reliability of each protocol. Peak-
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pressure, pressure-time integral and contact time were calculated for six anatomical foot 
regions. No significant differences in peak-pressure and pressure-time integral were present 
between the three step-protocols and two-step protocols. The researchers subsequently 
recommended both the three-step and two-step protocols for reliable data collection. They 
found that the midgait protocol may be regarded as the gold standard for data collection but a 
steady state is reached more effectively and saves time with the two and three-step protocols. 
In their research they also discovered that the two-step protocol is more representative of the 
midgait protocol than the one-step protocol (Bus & de Lange, 2005). The most reliable but 
yet efficient protocol to use for data collection of plantar force will therefore be the two-step 
protocol. This is also the protocol which was selected for the present study. 
 
Different measuring systems and techniques provide a variety of choices for researchers. 
With the advances in technology, manufacturers develop more reliable systems to ensure 
valid data collection with regards to biomechanical analyses. This allows the choice of 
systems that can benefit selected scenarios for clinical and/or research usage. As far as could 
be ascertained, more research is required with regards to comparisons of plantar force data 
with previous studies for a better interpretation.  
 
2.6  FACTORS INFLUENCING PLANTAR FORCE 
 
Several research papers listed information regarding factors which may predict injuries due to 
higher forces and pressures detected in certain population groups. It is of interest for this 
particular study to take note of different factors which may elevate and even exacerbate 
forces on the plantar surface. The knowledge of these possible factors will assist with the 
interpretation and understanding of the results of this study.  
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2.6.1  Structure and Function of the Foot 
 
Several structural deformities may lead to functional changes which can lead to injury of the 
foot and ankle. Limited joint mobility at the subtalar joint and the first metatarsophalangeal 
joint may be a causing factor of abnormal high plantar pressures. The high pressures also 
depend on the pressure/time curve. Forces acting on specific areas for long durations due to 
structural deformities may cause ulcerations (Perttunen, 2002). The relative metatarsal length, 
bony prominences and the formation of the medial longitudinal arch of the foot have been 
suggested to cause elevated loading on the plantar surface of the foot. Cavanagh, Perr, 
Ulbrecht, Derr and Pammer (1998) studied foot structures using radiographs and optical 
pedobarographs. They found that radio graphically obtained structural measurements explain 
the 35% of variance in peak plantar pressures under the heel and the first metatarsal head 
during walking. The two main factors in the prediction of pressure in the latter study were 
compressed soft tissue thickness and medial longitudinal arch height. This agrees with the 
suggestions of Perttunen (2002). A similar study by Morag and Cavanagh (1999) aimed to 
further develop the prediction models of regional peak plantar loading. Their foot structure 
and function model predicted variance in peak plantar pressures which is an improvement on 
a previous study conducted by Cavanagh et al. (1998). The variance of peak plantar pressure 
varied from 48.6% to 56.6% in different anatomical regions. The authors found that structure 
was dominant in predicting peak pressures under the mid-foot and first metatarsal head while 
both structure and function predictors were important at the heel and hallux. Increased plantar 
pressure in the heel area was present when there was a calcaneal inclination or high foot-
approach velocity (Morag & Cavangh, 1999). A high foot-approach velocity also increases 
the peak plantar pressure at the heel area (Pertutten 2002). The midfoot pressures were 
influenced mainly by arch height, body mass and age. Body mass and arch height increased 
pressures while age decreased pressures in the mid-foot. Morag and Cavanagh (1999) also 
found several factors which influence loading under the first metatarsal head. Findings 
included Morton‟s index, height of the sesamoid, calcaneal inclination, proximal first phalanx 
inclination and Chopart‟s angle. A functional factor which increased loading under the first 
metatarsal head was the high activity of the gastrocnemius muscle during the push-off phase. 
Pressure on the hallux was influenced by structural and functional factors. The authors 
reported that a long hallux, small amount of compressed tissue under the sesamoides, a large 
angle between the proximal and distal phalanx, a small dynamic range of motion at the first 
31 
 
metatarsal joint and high peak velocities of dorsiflexion at this joint in the push-off phase all 
increased pressure on the hallux. 
 
Noting the different abnormalities in structure therefore plays a crucial role in predicting high 
force areas and injuries of the foot. Main areas of interest from the previous mentioned 
studies are the arches of the foot, deformities of the toe and abnormal function due to 
mobility of the foot structures.  
 
2.6.2  Body mass 
 
Body mass has been discussed by several studies as a factor which affect loading on the 
plantar surface. Perttunen (2002) found contrasting studies which indicated weak positive 
correlation between body mass and peak pressures under the lateral forefoot and medial 
forefoot. There were, however, strong correlations for the heel area (Perttunen, 2002). 
Perttunen (2002) also refers to studies which calculated the sum of peak pressures and 
mentioned that there was poor correlation with body mass in walking tests reported by 
several authors. It seems that sum of peak pressures may not be the best method to analyze 
walking biomechanics as body mass of individuals differ and could influence the pressures 
under the plantar surface (Perttunen, 2002). 
 
Morag and Cavanagh (1999) reported body mass to be a fairly good indicator of mid-foot 
peak plantar pressures. Perttunen (2002) discussed the reasons for the contradictions and the 
lack of a strong relationship between body mass and loading responses. He stated that factors 
such as the nature of the recording systems and the distributers of high loads across larger 
local anatomical areas are to blame. Barnett (2001) compared a force measuring platform 
with an insole measuring system at the same sampling frequency. Both systems delivered 
similar temporal results but the insole system underestimated the magnitude of the force data.  
It can be hypothesized that body mass influences force and pressure measurements of the 
plantar surface and correlations will be necessary to interpret results. Force data may be 
better analyzed with force platforms due to an underestimation of insole systems. For this 
particular study the measured weight of participants was correlated with force, to ensure 
correct interpretations of the results.  
 
  
32 
 
2.6.3  Age 
 
Age is one of the factors which may influence loading of the plantar surface. Several 
functional and anatomical changes cause the change in loading patterns at the plantar surface. 
In several studies age was found to influence loading of the plantar surface. Morag and 
Cavanagh (1999) found age to be related to a decreased heel plantar pressure. This may be as 
a result of heel pad stiffness. They also reported that previous studies stated peak plantar 
pressures in the lateral metatarsal heads and midfoot correlate significantly with age. The 
relationship indicated lower peak pressures in these areas as age increases. Walking speed 
and increase in joint stiffness may be the main cause for this finding. Nordin and Frankel 
(2001: 208) discuss body position in the sagittal plain at heel strike as a major factor which 
led to shorter strides, decreased plantar flexion of the ankle as well as decreased heel-to-floor 
angle. All these factors combined may result in decreased plantar forces and pressures as gait 
changes due to the above mentioned compensations.  
 
The present study had a wide spectrum of age and had to consider the influence that age may 
play on the participants. The possibility exists that age can influence the plantar forces of 
participants in ultra-endurance events. This was not the main aim of the present study but this 
factor was included as a possible factor that can influence the results. 
 
2.6.4  Methodological Factors 
 
Techniques of measuring force can influence validity and reliability of results. Researchers 
include technological settings, methods and reliability as critical factors which need to be 
considered when collecting data with different systems. The selection of correct transducer 
size will influence the magnitude of force and pressure readings. The size of transducer 
required will depend on the size of the anatomical landmark. Measuring systems with larger 
transducers will provide data of a poorer quality. A transducer which is larger than the actual 
landmark gives a lower reading than the actual force or pressure (Perttunen, 2002). 
 
Sampling frequency will also influence readings. Low sample frequencies will have lower 
pressure readings, especially in the heel area since the heel impact cannot be detected 
accurately at low sampling rates. A further complication is an underestimation of peak 
pressures at faster walking speeds (Perttunen, 2002).  The data collection technique (one-step, 
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two-step and midgait method) used has an effect on the loading of the foot. Rodgers (1985) 
compared pressure recorded from first step and midgait in 60 healthy men. The peak 
pressures for the heel and metatarsal heads were on average 34% and 4.7% lower, 
respectively, for the first step. As previously mentioned Bus and de Lange (2005) reported 
that the best results found were for a method where steady-state gait was achieved. This 
agrees with the findings of Wearing et al. (1999) where they compared gait initiation and 
termination methods for obtaining plantar pressures. Gait protocols should involve at least 
three steps if „normal‟ or steady gait patterns are to be obtained (Wearing et al. 1999). Visual 
targeting had a minor effect on plantar pressure. It has been suggested that targeting during 
midgait may create abnormal patterns in gait while other studies stated that visual guidance 
had a negligible effect on variability of ground reaction forces (Perttunen, 2002). Force plate 
targeting did result in temporospatial variations in the gait cycle with stride and step length 
elongate or shorten just before the target area. Cavanagh et al. (1992) questioned the natural 
gait pattern under conditions where a small force plate is used and suggested that longer areas 
of data collection with insoles or several force plates should rather be used. Ho et al. (2010) 
agreed that the small force plate is disadvantageous and also referred to another disadvantage 
which is the different contact surfaces which the subject must adapt to.  
 
Methods for the present study took the findings from relevant literature into consideration to 
ensure the most reliable and valid data collection possible. Settings of force platforms, as well 
as other biomechanical analyses systems, needs to be set at high frequencies for reliability 
purposes. Force platforms supported by valid research which compared sensor activation 
would be a better choice for the conducting of research. Lastly, gait protocols which allow a 
natural walking style with minimum targeting and implementing a two or three step 
approach, produce the most reliable data. 
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2.6.5 Fatigue and Shoe Wear  
 
Authors have compared plantar force distributions before and after activity to analyze 
changes in muscle activation and gait patterns. Shoe wear and orthotics are also of interest 
when analyzing the plantar surface as it influences the force changes experienced with 
normal walking as well as with running or other sport activities. Fatigue, orthotics and shoe 
wear are important factors when one considers injury prevention. 
 
As far as could be ascertained little information on the efficacy of motion control shoes and 
particularly on their effects on the plantar force distribution patterns during landing could be 
found. In the study by Cheung and Ng (2008) comparisons between before and after 
moderate distance running were made to determine the results of neutral and control shoes. It 
has been reported that running patterns change when mileage increase and the foot pronation 
in particular increases during landing. Some researchers explain this phenomenon as being 
due to less active eccentric control of the foot inversion muscles. Thus runners will be at 
greater risk for sustaining injuries due to decreased function of the normal foot pronation 
resulting in increased impact loading (Cheung & Ng, 2008). Cheung and Ng (2008) reported 
that with muscle tuning the impact loading in running is an input signal to the body that 
initiates vibrations of the soft tissue compartments in the leg. The vibrations are heavily 
dampened and muscles have to adapt to different input signals to minimize the vibrations. As 
the foot invertors are the major stabilizing muscles for the rear-foot, the foot pronates more 
during running if these muscles become less efficient in controlling the rear-foot. The loss of 
efficiency leads to higher plantar forces in the medial structures of the foot (Cheung & Ng, 
2008). 
 
In addition, Arndt et al. (2002) reported that there is load variation on the metatarsals when 
foot musculature is fatigued. They found that the highest plantar pressures were under the 
metatarsal heads, indicating increased risk for developing stress fractures in these regions. 
Stress fractures may be initiated by excessive repetitive muscular forces and the insufficient 
remodeling of stressed bone. This results in fatigue related trabecular microfractures (Arndt 
et al. 2002). These results agree with a similar study done by Weist, Elis and Rosenbaum 
(2004) where findings indicated increased pressures under the metatarsal heads after fatigue 
of the lower leg muscles. There has been some debate on the existence of another transverse 
arch at the level of the metatarsal heads to help with absorption of shock, energy and force. In 
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a study where 66 normal, healthy subjects and 294 patients with various types of foot 
disorders were tested for weight distribution by measuring plantar pressures, they found that 
no distal transverse metatarsal arch exist during the stance phase (Luger et al. 1999).   
 
Results reported in a study by Nagel et al. (2006) where they compared pre- and post-
marathon race peak pressures of 200 runners also discussed loading under the toes. They 
found that post-event peak pressures and impulse values were higher in the forefoot and 
reduced under the toes. This indicates a shift in peak pressures from the toes to the metatarsal 
heads and explains the increased incidence of metatarsal stress fractures in long distance 
runners. Several factors cause this shift of peak pressures and include low aerobic fitness, 
high arched feet, higher running speeds that increase ground reaction forces and fatigue of the 
foot and lower leg muscles (Nagel et al. 2006). Karagounis et al. (2009) had comparable 
findings where they recorded pre- and post-pressures at an ultra-marathon. 
  
In contrast to the aforementioned study Schlee, Milani and Roemer (2009) investigated 
plantar pressure distribution, rear foot motion and ground reaction force after long distance 
running in 19 subjects. They found that after a 45 minute run on a treadmill, maximum 
pronation velocity increased but pressures under the foot and ground reaction forces did not 
show any significant changes. This could be due to different techniques and frequencies 
(hertz and treadmill running) of measurement or the shorter duration of the activity. Christina 
et al. (2001) had a comparable experiment looking at ankle joint motion and reported factors 
which included that after fatigue of the invertors, impact peak magnitude, push-off peak 
magnitude and the rate of decline of the impact peak force decreased significantly resulting in 
a less inverted foot position at heel contact. Fatigue of the invertors of the foot can cause the 
control of foot roll over to change. When the roll over can not be controlled by the stabilizing 
muscles, the foot‟s inversion angle changes, leading to poor biomechanics. The result is 
slower and less powerful push-off, that may lead to compensation of other anatomical 
structures, such as the medial ligaments of the ankle and foot as well as the plantar and 
dorsiflexion tendons and muscles. Localized fatigue therefore plays a role in many common 
lower extremity running injuries. 
 
Perttunen (2002) pointed out the effect that a flexible sole has on load readings stating that 
there is an increase in the total area of foot contact during the stance phase. The center of 
pressure therefore shifts from the first and second metatarsal heads and toes to the midline of 
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the shoe. In a study conducted by Perry, Ulbrecht, Derr and Cavanagh (1995) leather-soled 
Oxford style shoes and running shoes were compared. Both shoe type‟s decreased loading 
under the second metatarsal. Running shoes decreased loading in all areas of the foot but 
Oxford style shoes did not decrease pressures in other areas of the sole. They found that 
running shoes may relieve pressures sufficiently to protect the sole from ulceration.  
 
Mandato and Nester (1999) as well as Gefen et al. (2002) studied pressure changes which 
occur when wearing high-heeled shoes with narrow toe boxes and found that there was an 
increase in peak pressures under the metatarsal heads and hallux. In addition Gefen et al. 
(2002) reported an imbalance between gastrocnemius lateralis and medialis activity in fatigue 
conditions. This leads to even more loading under the metatarsal heads. Manna, Pradhan, 
Ghosh, Kar and Dhara (2001) reported similar findings which indicted that ill-fitting 
footwear leads to a biomechanical imbalance that can lead to severe foot injuries and 
problems. These authors measured different foot dimensions of the right and left feet of 300 
Bengalese subjects in India. No significant difference was found in the dimensions of the 
right foot compared to the left foot but subjects did report more injuries or problems to arise 
in their right foot when wearing ill-fitting shoes (Manna et al. 2001). Therapeutic footwear 
and athletic cross trainers reduce peak pressures and different in-sole materials are also 
capable of reducing peak pressure and pressure-time integrals (Perttunen, 2002).  
 
Fatigue of musculature in the lower leg and foot can lead to several functional changes within 
normal foot roll over motion. Different shoe wear and mileage influences how the changes 
occur and how it influences normal gait. This is important for the current study as mileage 
was the same for all participants. The factor of force changes at the plantar surface can 
therefore be addressed. Furthermore, very little doubt therefore exists that ill-fitting shoes do 
cause injuries and long term imbalances.  
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2.7  INJURIES AND FOOT STRUCTURE 
 
Rochconger et al. (1995) hypothesized that every year between 30 to 70% of all recreational 
and professional runners gets injured. In a study conducted in Greece by Karagounis et al. 
(2009) research indicated that up to 90% of injuries in runners usually occur in the lower 
extremity. It is therefore vitally important to discuss the injuries as portrayed by research. 
Different injuries are discussed here, with the possible causes and results. 
 
Stress fractures are responsible for numerous running-related injuries. Bone tissue undergoes 
continuous remodeling when it is loaded. Repetitive submaximal stimuli may reduce the 
individual loading capacity of the bone. This in turn results in structural changes in the areas 
of maximal stress. With an increase in fitness and wellness activities more recreational 
athletes suffer from stress fractures (Karagounis et al. 2009). A similar injury is Achilles 
tendinopathy. Extrinsic and intrinsic risk factors lead to the development of this overuse 
injury. These injuries are not only caused by these type of errors but underlying anatomical or 
biomechanical features could also prevent a runner from training as long or as intensely as his 
or her opponent. Rapid and repeated transition from pronation to supination causes the 
Achilles tendon to undergo a whipping action. Shear forces are created across the tendon 
causing the tendon to become irritated and inflamed. Van Ginckel et al. (2009) reported that 
hyperpronation may not be the main structural problem. The authors found that a lateral roll-
over following heel strike and a diminished forward force transfer underneath the foot could 
be the cause. This indicates that novice runners may be at a greater risk of overuse injuries as 
biomechanical features play a crucial role in running technique (Van Ginckel et al. 2009).  
Joint hypermobility in athletes may be an underlying factor contributing to lower extremity 
joint injuries and disorders. A joint is typically classified as hypermobile if its range of 
motion exceeds normal limits taking into account the age, gender and ethnicity of the subject 
being studied. Individuals with joint hypermobility may avoid strenuous activity because of 
the possible increased risk of injury. The complex nature of the ligamentous, tendentious and 
muscular articulations of the foot and ankle are important joint components which may be 
factors in lower extremity injury (Foss et al. 2009). 
 
In a study conducted in association with the National Athletics Trainer Association in the 
USA, Foss et al. (2009) discovered that ankle sprains are the most common injury for athletes 
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accounting for approximately 15-20% of all sport injuries. A review conducted by Fong, 
Chan, Mok, Yung and Chan (2009) reported in a literature review paper that ankle sprain 
injuries account for 14% of all acute sports trauma. Various factors were reported to increase 
the risk of injury of the ankle such as muscle imbalances of plantar- and dorsiflexion as well 
as limb dominance. Athletes who are overweight and had a previous sprain history were more 
likely to acquire an ankle sprain (Fong et al. 2009).  
 
According to Fong et al. (2009) athletes with hypermobile joints have a greater risk of ankle 
injury compared to athletes with normal joint mobility. Individuals with joint hypermobility 
have a 93% incidence of ankle joint hypermobility and are susceptible to pes planus 
deformity. In dynamic situations the incidence of lower extremity stress fractures in 
individuals with pes planus deformity is nearly twice as high as in individuals with average 
arch height and it is 20% higher in individuals with a pes cavus foot structure. Pes planus 
may be a predisposing condition for the development of stress fractures. Metatarsal stress 
fractures, also referred to as “march fractures”, have increased prevalence in athletes, 
especially amongst long distance runners, dancers and jumping-sports participants. There are 
also anatomical and biomechanical risk factors for the development of stress fractures such as 
gender with females being at greater risks (Foss et al. 2009). In addition McMillan, Landorf, 
Barrett, Menz and Bird (2009) reported that other injuries such as chronic heel pain and 
plantar fasciitis account for approximately 8% of all running-related injuries.  
 
Milner, Ferber, Pollard, Hamill and Davis (2006) conducted a study to investigate 
biomechanical factors that predispose female runners to tibial stress fractures (TSF). Subjects 
were categorized into two groups: one group consisted of 20 females with a history of TSF 
while the second group consisted of 20 females age- and mileage-matched control subjects. 
They found that the TSF group displayed greater instantaneous and average vertical loading 
rates and tibial shock than the control group. This indicated that subjects with a history of 
TSF are associated with increases in dynamic loading-related variables.  
 
In contrast a systematic review conducted by Barnes, Wheat and Milner (2007) indicated that 
no definite conclusion could be drawn to relate foot structure or function to an increased risk 
of TSF. Their study did conclude that extreme foot types are more likely to pose an increased 
risk of tibial stress injuries compared to normal arched feet.  
 
39 
 
Korpelainen, Orava, Karpakka, Siira and Hulkko (2001) investigated risk factors for recurrent 
stress fractures in males and females looking at more variables. Thirty-one athletes with at 
least three separate stress fractures each and fifteen control group athletes with no history of 
stress fractures participated in their study. Questionnaires on nutrition, training history and 
hormonal history in women were completed together with bone mineral density scans of the 
lumbar spine and proximal femur as well as different biomechanical features of the foot 
structure was measured. In men 70% of fractures were found in the tibia or fibula and 50% of 
fractures in females were located at the foot and ankle. Biomechanical factors associated with 
multiple stress fractures included a high longitudinal arch of the foot, leg-length discrepancy 
and an excessive forefoot varus. Runners with a high weekly training mileage were found to 
be at risk for recurrent stress fractures.  
 
Murley, Menz and Landorf (2009) found that there is increased activity of tibialis anterior 
and decreased activity of peroneus longus muscle in flat-arched subjects during foot contact. 
During midstance the same subjects exhibited increased activity of tibialis posterior and 
decreased activity of peroneus longus. Fatigue of the tibialis posterior with increased activity, 
as in running, can thus cause injury when a compromise of normal gait patterns results. The 
diagnosis of over pronation and supination of individuals, that lead to fatigue of tibialis 
posterior, can thus predict and prevent injuries of the lower leg as the tibialis posterior and 
peroneus longus play a crucial role in normal foot roll over patterns. Similar results were 
reported by Willems et al. (2006). They determined gait related risk factors for exercise-
related lower leg pain in 400 physical education students. Forty-six (46) subjects with altered 
running patterns before the injuries occurred, developed injuries. Compared to the controls 
they had increased pronation, accompanied increased pressures under the medial side of the 
foot, a more centered heel strike and a significantly more lateral roll-off.  
 
According to Vicenzino, McPoil and Buckland (2007) researchers have studied tape-induced 
changes in foot pressures for years. Overuse injuries may occur as a result of repetitive 
stresses on the musculoskeletal tissue. As previously mentioned excessive pronation of the 
foot is associated with overuse injuries and this can be managed with adhesive anti-pronation 
tape (low dye taping techniques). Taping has consistently been shown to initially increase 
vertical navicular height or arch height when assessed statically or dynamically. Vicenzino et 
al. (2007) found that low dye taping increased plantar pressures in the lateral midfoot during 
walking and jogging and reduced mean maximum pressures at medial forefoot and rear foot 
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during walking. Foot arthoses have also shown to be effective for prevention of running 
related musculoskeletal injuries (Ferber, 2007).  
 
Foot posture is strongly influenced by systemic conditions such as neurological and 
rheumatologic disease. There is emerging evidence that variations in foot posture among 
healthy individuals are associated with changes in lower limb motion and possible increased 
risk of lower limb injury.  The link between variation in foot posture and increased risk of 
injury may arise from abnormal muscle activity. In flat arched feet there is reliance on 
additional muscle support during gait. Fatigue of these muscles with exercise can result in the 
development of various injuries. Pronated foot posture is associated with greater 
electromyography amplitude for invertor muscles such as tibialis posterior and lower 
electromyography amplitude for evertor muscles such as peroneus longus when compared to 
normal or supinated feet. Research also indicates that tibialis posterior activation is greater in 
flat-arched foot posture and flat-arched feet may reflect neuromuscular compensation to 
reduce overload of the medial longitudinal arch (Murley et al. 2009).  
 
Queen et al. (2009) strongly suggested that foot type should be assessed when assessments 
are done for risk of metatarsal stress fractures. Their study investigated plantar loading 
between flat and normal feet while subjects competed in four different athletic tasks. In-shoe 
pressures were collected during sport specific tasks such as shuttle runs, cross-cut, side-cut 
and landing from simulated lay-up. Twelve (12) subjects with normal feet and ten subjects 
with flat feet were included in the study. They found similar results to those of Murley et al. 
(2009). Subjects with flat feet are more prone to develop medial and lateral midfoot injuries 
which include metatarsal stress fractures. High-arched and low-arched runners with their 
different bony architecture exhibit different lower leg mechanics and therefore different 
injury patterns. Low-arched individuals tend to reflect neuromuscular compensation to reduce 
overload of the medial longitudinal arch, resulting in more work done by the tibialis posterior 
to protect the structures of the foot from excessive loading. High-arched individuals 
experience more activity of peroneus longus with decreased activity of tibialis posterior 
resulting in a smaller amount of control during foot roll-over (Murley et al. 2009).   
 
Williams, McClay and Hamill (2001) compared twenty high-arched and twenty low-arched 
runners‟ history of injury. The results showed that high-arched runners reported a greater 
incidence of ankle injuries, bony injuries and lateral injuries. In contrast, low-arched runners 
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experienced more knee injuries, soft tissue injuries and medial injuries. In the study by 
Cavanagh, Morag, Boulton, Young, Deffner and Pammer (1997) foot structure was 
characterize by 27 measurements taken from standardized lateral and dorsi-plantar weight-
bearing plain radiographs of 50 healthy adults. They concluded that only about 35% of the 
variance in dynamic plantar pressures could be explained by measuring foot structure. Morag 
and Cavanagh (1999) measured peak plantar pressures during walking and eight data sets of 
structural and functional measurements for 55 asymptomatic subject aged between 20 and 70 
years. Foot structure and function predicted 50% of the variance in peak pressures although 
the relative contributions in different anatomical regions varied more. This study‟s prediction 
model therefore provided more insight into potential etiological factors which may elevate 
loading on the sole of the foot (Morag & Cavanagh, 1999).  
 
Teyhen et al. (2009) explored the relationships between dynamic plantar pressures and arch 
height. Their model assessed plantar pressures, static arch height and arch height index of a 
1000 subjects (566 males and 434 females). Extreme values of arch height have been 
associated with increased risk of overuse injury. They found that the multivariate model 
generated by plantar parameters during gait was able to predict 60% of the variability in static 
arch height. The model‟s variables, which include combinations of plantar pressure and static 
arch height measurements, appeared to be clinically plausible and inform the association 
between static arch height and dynamic foot posture (Teyhen et al. 2009). Nagel et al. (2006) 
also pointed out that there was a lower incidence of pain after a race for athletes with higher 
weekly mileage.  
 
In contrast Mizrahi, Verbitsky, Isakov and Daily (2000) suggest that kinematic changes due 
to fatigue are consistent with higher impact accelerations and therefore harder and more 
training cause more kinematic changes which in turn increases the risk of overload injuries.  
It is clear from these studies that the majority of running injuries occur in the ankle and foot. 
Overload injuries of the foot and ankle are prevalent as a result of many factors such as high 
arched feet, muscle fatigue and duration or the frequency of training. Females, hypermobile 
individuals and those with abnormal foot posture, as in high-arches or pes planus, tend to 
experience more injuries. 
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2.8   ORTHOTICS AND FOOTWEAR 
 
As mentioned in factors that influence force at the plantar surface, foot wear, or in more 
general terms, shoes, change biomechanical features of the kinetic chain. It either controls the 
foot roll over and/or influences the distribution and angles at which the foot receives forces as 
it contacts the ground. Orthotics are used to manipulate forces on the plantar surface to create 
a near „normal‟ foot roll over at the foot.  
 
Changes occur in the mechanical characteristics of the foot and ankle when shoes are worn. 
Squadrone and Gallozzi (2009) compared barefoot running, a control shoe and the Vibram 
Fivefingers© shoe to see the magnitude of changes in lower limb kinematics, the number of 
strides, pressures and the heart rate. Athletes landed in a more plantar flexed position at the 
ankle with barefoot running with more frequent and shorter strides which resulted in reduced 
impact forces and changes in stride kinematics. Impact forces were lower with Fivefingers© 
than barefoot running but this shoe had a much closer foot position with regards to the space 
between the plantar surface and the shoe‟s inner sole, than that of the control shoe trial. The 
conclusion was that the foot-ground interface does lead to changes in running patterns with 
barefoot runners and that the Fivefingers© model seems to imitate barefoot conditions better 
while still providing a small amount of protection (Squadrone & Gallozzi, 2009).  
Ground reaction forces are different for different types of footwear. Loading rate, peak 
vertical impact force and peak breaking forces are higher in racing flats and spikes compared 
to running shoes for males. Females had shorter stance times and greater maximum 
propulsion forces in racing flats compared to running shoes (Logan, Hunter, Hopkins, Feland 
& Parcell, 2010). Changing footwear between the shoes used in this study therefore alters 
loads on the body. Athletes need to take care when different training seasons require different 
footwear (Logan et al. 2010). Similar results were found in the study by Wiegerinck, Boyd, 
Yoder, Abbey, Nunley and Queen (2009) where 37 athletes were tested. Subjects had similar 
training mileage per week and were tested in training shoes and running flats. Peak pressures, 
maximum force and contact area beneath eight different anatomical regions of the foot were 
obtained. The authors found two variables namely maximum force and contact area to be 
significantly smaller in the racing flats but increased peak pressures were noted. Training 
shoes did not provide the necessary support for maximum forces but it did increase the 
surface area to provide lower peak pressures.  
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Companies competing in the running shoe market have changed techniques of cushioning 
over the past couple of decades. Numerous different midsole materials and structures are on 
the market ranging from grid, gels, gasses, novel materials and spring mechanisms (Dixon, 
2008). Dixon (2008) compared the force distributions and peak forces of six different types 
of running shoes. It was found that the peak rate of loading at the heel provided clear 
distinctions between the shoes. The shoe with minimal focus on cushioning had a 
significantly higher rate of loading than all but one of the other test shoes. The author 
suggested that more information should be made available with regards to the performance of 
the shoe while running in order for individuals to select the best shoe for their comfort 
(Dixon, 2008).  
 
Mündermann, Nigg, Stefanyshynn and Humble (2002) assessed footwear comfort during 
running and suggested that a visual analog scale be used and that a controlled condition 
should be included as well as an average comfort rating for each session. Wegener, Burns and 
Penkala (2008) assessed neutral-cushioned running shoes on the plantar pressures of athletes 
with cavus feet and found that the shoes significantly reduced peak pressures and pressure-
time integrals. The conclusion was that popularly prescribed neutral-cushioning shoes for 
cavus feet were effective for a reduction in peak pressures as well as in comfort. In a study 
conducted by Cheung and Ng (2010) they assessed the effectiveness of a motion control shoe 
compared to a neutral shoe for long distance athletes with excessive rear foot pronation. 
Twenty (20) female recreational runners were tested by running 10km on a treadmill on two 
days with the two different shoe types. Activity of the right tibialis anterior and peroneus 
longus were recorded with surface electromyography. Results showed that the motion control 
shoe may facilitate a more stable activation pattern and higher fatigue resistance of tibialis 
anterior and peroneus longus during running.  
 
Alterations in muscle activity and running economy have been reported with different shoes 
and in-shoe orthoses. These changes appear to be subjective (Bonnacci, Chapman, Blanch & 
Vicenzino, 2009). Research suggests that orthoses can also play a role as a modulator of 
neuromuscular control and running performance. Highly trained runners and cyclists display 
more refined patterns of muscle recruitment than novice athletes. In contrast, ongoing multi-
discipline training, such as triathlons, interferes with motor learning and neuromuscular 
adaptation. In triathlons impairments in running economy are frequently observed after 
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cycling. This can be due to physiological stress as well as an alteration in lower limb muscle 
coordination (Bonnacci et al. 2009).  
 
A systematic review by McMillan and Payne (2008) reported that the effect of orthoses on 
the lower leg kinetics during running is unclear. They stated that there is not sufficient 
literature available to show the exact effect that orthotics have on variables like loading rate 
and impact force - only suggestions that orthotics are effective to prevent injuries in running-
related conditions (McMillan & Payne, 2008).   
 
It can be concluded that shoe wear is not only a form of comfort but technology allows 
runners a selection of injury prevention shoes. Motion control shoes and orthotics can help to 
prevent and reduce the reoccurrence of injuries. Long distance runners need to obtain 
knowledge on the biomechanical benefit of the different types of shoes on the market to 
ensure they make the right choice for their training and competition. 
 
2.9  SUMMARY 
 
Information gathered from the literature has provided insight on the global picture of the 
kinetic chain in dynamic activities. Anatomy and function of the foot improves the 
understanding of the complex interactions which occur during stance and gait. Biomechanical 
analyses assist with the breakdown of the kinetic chain in order to explain forces acting on 
the plantar surface. It provides insight with regards to the interactions of the bone, ligaments, 
muscle and proprioception to control foot roll over.  
 
Differentiating between plantar forces and pressures allowed for the understanding of 
different biomechanical terms when analyzing the foot. Forces provide vital information on 
the magnitude and direction of loading at the plantar surface while pressure focus on force 
over a set area. Information on the different measuring systems informed the present study 
with information on the possible benefits and limitations with regards to data collection.  
 
Factors mentioned which influence force such as, foot structure, body mass, age, methods 
followed and fatigue, address possibilities which may lead to plantar force changes and need 
to be considered when discussing the results of this study. Possible injuries which can be 
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expected with distance running as well as the methods of injury prevention aided the 
understanding of the methods of occurrence and treatment within running mechanics. The 
overview allows for an open minded approach to studying the plantar forces all of which are 
factors which may play an important role in the occurrence and changes of these forces and 
the manner in which they are interpreted. 
 
The next chapter contains information regarding the methodology and procedures followed to 
conduct research for the present study in the most reliable and valid way. 
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CHAPTER 3 
METHODS AND PROCEDURES 
 
 
3.1 INTRODUCTION 
 
The aim of this study is to explore the differences in plantar forces before and after an ultra-
endurance event. Differences between males and females as well as previous Iron Man 
competitors and novices are also of interest. 
 
In order to achieve the aim of this study data was collected at the registration venue three 
days before the ultra-endurance event and again at the end point of the event immediately 
after the athletes completed the race. The registration venue was located at The Boardwalk 
Conference Centre in Summerstrand, Port Elizabeth. The selected ultra-endurance event was 
the Specsavers 2010 Iron Man South Africa©. The event entails 3.8km swim, 180km cycle 
and a 42.2km run. Over 1500 athletes compete in this annual event. For the 2010 competition 
1552 competitors completed the race. The sought after title of being crowned an Iron Man 
invites athletes from all over the world to compete in this international triathlon event. The 
Nelson Mandela Bay Iron Man is the only event of this magnitude held on the African 
continent.  
 
This chapter sets out to explain the method followed to obtain a sample group from the 
identified group of athletes. It discusses the inclusion and exclusion criteria, the instruments 
used to capture data and steps followed to ensure valid and reliable data to be analysed.  
 
3.2  RESEARCH DESIGN 
 
This study was exploratory and quasi-experimental in nature and utilized a quantitative 
approach to achieve its aims and objectives. Very little research has been done on identifying 
and quantifying plantar force differences among participants in ultra-endurance events and 
therefore the study was considered exploratory. A quasi-experimental one group pre-
test/post-test design was used to compare plantar forces before and after the ultra-endurance 
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event for the sample group which included males and females as well as previous Iron Man 
competitors and novices. De Vos, Strydom, Fouché and Delport (2005:328) states that a one 
group pre-test/post-test allows for comparison, has no random assignment and the results 
have pre- and post-test dependent variables.   
 
The quasi-experimental design does not always allow for random or reliable selection of a 
sample group from a population, which could set limitations for the generalizability of the 
results obtained from the selected sample group (De Vos et al. 2005:328). 
 
3.3  PARTICIPANTS 
 
The sample relevant to this study had to meet the following criteria to be included in the 
study: 
 
 They had to complete the ultra-endurance event; 
 
 They had to be 18 years or older; 
 
 They must have completed both the pre-test and post-test including ten trials during 
each test; 
 
 They must have had no severe external injuries to their feet, which could compromise 
the equipment and measuring validity (for example any blisters that could result in 
water damage to sensors or abnormal gait due to severe overuse injuries to the feet); 
 
 They must have had no severe disorder or pathology of the feet within the six weeks 
prior to the event being held. 
 
A total of 87 participants met the above mentioned criteria. The sample group consisted of 66 
males and 18 females. Of these 87 participants, 43 has completed an Iron Man event prior to 
the 2010 event and 41 participants were novices - competing in an Iron Man event for the 
first time. The mean age of participants was 38.08 years (±10.58). These individuals were 
conveniently sampled. According to De Vos et al. (2005), convenience sampling is a 
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particular case sample that is selected since it illustrates some features that are of interest for 
a particular study. De Vos et al. further define convenience sampling as the portion of the 
population that is available to the researcher in a set environment. Clear identification and 
formulation of criteria for the selection was therefore of utmost importance.  
 
3.4 MEASURING INSTRUMENTS 
 
Anthropometric measurements and plantar foot force distribution was measured for this 
study. Height and weight was measured with standardized measuring equipment and the 
plantar foot forces was measured with the RS Footscan®. 
 
3.4.1 Anthropometric measurements 
 
3.4.1.1 Height 
 
Equipment for height: A calibrated anthropometer was used to measure the stature (height) 
of each participant. Procedures and standards set out by the International Society for 
Kinanthropometry (ISAK) was used (Norton & Olds, 2000).  
 
Procedure: The anthropometer was assembled and positioned vertically against a wall 
without a skirting and the spine of the participant aligned with the shaft of the anthropometer. 
Stature of the participant was taken barefoot with an upright stance against the 
anthropometer. The researcher ensured that the participants‟ backs faced the anthropometer. 
Their heels were placed together touching the anthropometer as was the buttocks. The 
athletes‟ heads were held in the Frankfort plane where the inferior border of the orbital and 
the tragus was in a horizontal line.  
 
Data captured: Participants were then instructed to hold a full breath while the Broca plane 
was lowered to touch the vertex firmly and the height reading taken to the nearest 10
th
 of a 
centimeter (0.1cm) (Norton & Olds, 2000). 
 
Reliability and validity: Qualified helpers (Honours students holding the minimum 
qualification of a Bachelor‟s degree in Human Movement Science) were given clear 
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instructions with regards to the measurement protocol and data capturing. The same 
instructions were given to each participant while one helper read the final measurement and 
another captured it on the provided information sheets. Face validity was accepted for this 
test. 
 
3.4.1.2 Weight: 
 
Equipment for weight: Weight was measured before and after the ultra-endurance event 
using an electronic scale (JWI-586 Weighing Indicator: RS-232C). The procedures and 
standards set by ISAK were used (Norton & Olds, 2000).  
 
Procedure before the event: Each subject was asked to remove their shoes and any 
additional clothing other than the pants (long or short) and shirt they were wearing on the 
day.  
 
Data captured: Each subject stood in the centre of the scale platform and weight was 
recorded to the nearest 100
th
 of a kilogram (0.01kg) (Eston & Reilly, 2001). 
 
Procedure after the event: Participants were asked, once again, to remove their shoes and 
additional belts or clothing and weight was once again recorded to the nearest 100
th
 of a 
kilogram.  
 
Reliability and validity: The same procedure was explained to every participant using the 
same equipment and instructions for reliability. The same helpers who assisted with the data 
capturing before the event, assisted after the event took place. Face validity was accepted for 
this test. 
 
50 
 
3.4.2  RS Footscan® measurements 
 
The RS Footscan® measures the vertical foot force (and pressures) which is applied by the 
body through the foot to the ground during the stance phase (Rochconger et al. 1995). The 
2m X 0.4m Footscan® pressure plate has 16,384 sensors with a 480Hz capacity and is 
manufactured by RSscan International.  
 
Equipment for plantar force: The apparatus that was used to determine the different foot 
deviations was the RS Footscan®. It is a 3D Gait Scientific 2m system. The RS Footscan® 
performs high technology force and pressure measurements for static as well as dynamic 
scenarios. Measurements can be performed on a person either wearing shoes or being 
barefoot. The gait system supplies valuable information such as quantification of the motion 
of the foot and the temporal and spatial parameters of gait which in turn helps to interpret 
total gait pattern. This study recorded the plantar foot forces. 
 
Procedure: The 2m X 0.4m RS Footscan® pressure plate was set at 480Hz and embedded in 
a 6m walkway (as seen in figure 8). Participants were asked to remove their shoes and any 
additional clothing before walking over the walkway. They were instructed to walk at a 
comfortable gait speed, in a straight line, while facing up (looking at the RS Footscan® 
poster on the opposite wall). They had to walk back next to the walkway and restart the 
action on the same side as the previous trial. A practice trial was initially performed to 
familiarize them with the technique. If they only included two steps on the force platform, or 
targeted the platform, they were instructed to slow down their gait to try and include three 
steps on the platform in the most natural possible gait (as illustrated in figure 3.1 and 3.3). 
After familiarizing themselves they were instructed to start with the left and right foot 
interchangeably as data was recorded. A trial that was off target or only included two steps on 
the force platform was repeated until five left and five right walking trials were recorded.  
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Figure 3.1:  Measuring instrument in 6m walkway. 
 
Data captured before the event: An average for the ten trials of the pre-test and post-test 
was determined respectively for each of the eight compartments. The Footscan® divides the 
total area of the plantar sole of the foot into eight compartments. These compartments include 
T1 (toe 1), M1 (meta-tarsal 1), M2 (meta-tarsal 2), M3 (meta-tarsal 3), M4 (meta-tarsal 4), 
M5 (meta-tarsal 5) and HM (heel medial) and HL (heel lateral) (see figure 3.2). Data for each 
of these eight foot compartments were exported for each trial completed by the participants. 
A total of 20 trials were therefore completed with 20 data sheets per participant which 
included ten trials for the pre-test and ten trials for the post-test. For statistical purposes and 
objectives to be met the foot was then divided into forefoot, heel and hallux (see figure 3.2) 
as the identifiable areas of interest. The forefoot thus consisted of five metatarsal forces, the 
heels of both the medial and lateral heel forces and the hallux of the great toe force. 
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Figure 3.2: Eight foot compartments with three grouped compartments. 
 
Data captured after the event: As participants finished the ultra-endurance event they were 
escorted to the research tent that was set up a couple of meters away from the finishing area. 
They were instructed to remove their shoes and any other additional belts or clothing. Their 
feet‟s plantar surface was inspected to ensure that there were no blisters or bleeding that may 
interfere with the sensors of the RS Footscan® or the data collection. After their weight was 
recorded (as mentioned above), the same procedures were followed as was the case prior to 
the event (see figure 3.3). 
 
 
 
 
 
 
 
 
 
Figure 3.3:  Illustration of 6m walkway for plantar force data capturing.  
 
Reliability and validity: For this study barefoot measurements were recorded to ensure 
validity and consistency of all measurements taken for different participants.  This ensured 
that different footwear of different participants did not influence the results.  
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Trials were adjusted for validity by tracing and manually adapting the eight plantar zones 
according to the anatomical structures. Forefoot curves were aligned according to visual 
display. Metatarsal alignments were then adjusted to divide the five zones of the five 
anatomical metatarsal areas. The medial and lateral heel was subsequently aligned according 
to the visual display as well as the hallux and lesser toes.  
 
The recorded time of the ten pre-test trials were then compared using milliseconds of a 
percentage of the initial foot contact, initial metatarsal contact, initial forefoot flat contact, 
heel off and lastly the foot contact. The same procedure was followed for the post-test trials.  
All trials that did not fall within the set readings of the ten compartments were excluded. 
Trials which did not fall within a ten millisecond range of the repeated trials were also 
excluded to ensure reliability of the recording. Any trial that was off target or did not meet 
the „typical‟ steady state gait of the individual was therefore excluded. Exported tables 
included quantities of maximum forces that were exerted in each of these eight 
compartments. Face validity was accepted for this measurement. 
 
3.4.3  Questionnaire 
 
The questionnaire was aimed at eliciting information regarding the occurrence of 
predetermined foot injuries, physical training preparation for the ultra-endurance event and to 
determine the skill level of the participant. Furthermore the questionnaire was used to 
determine whether the participant met all the criteria in order to participate in the study (see 
appendix D) as well as to obtain information regarding injury history and training habits.  
 
Procedure: After recruiting individuals, they were brought to the testing station next to the 
registration tables and each participant was asked to complete a questionnaire before any 
other measurements were taken. The researcher assisted with any queries and explained the 
study to the participant.  
 
Data captured: Biographical information was asked followed by the history of any previous 
injuries of the foot, lower leg and/or the kinetic chain. Where any injuries or pathologies of 
the foot or lower leg had occurred within six weeks prior to the event, the individuals were 
not included in the sample group.  Information regarding their training habits for the event 
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was also captured. All the information was recorded prior to the event and a sample group list 
was created to ensure the participants could be recruited after the event. 
 
3.5  DATA COLLECTION PROCEDURES 
 
In order to meet the objectives of this study data from the participants were collected on two 
occasions, the first being three days prior to the ultra-endurance event and the second within 
half an hour to an hour after each participant completed the event. Each of the data collection 
sessions are described separately. 
 
3.5.1  Pre-event data collection 
 
Participants completed the questionnaire, height and weight anthropometrical measurements 
and ten walking trials on the day of their registration for the ultra-endurance event which was 
between the 22
nd
 and the 24
th
 of April 2010. Stations were set-up next to the registration 
tables in the foyer at the Boardwalk Conference Centre.  
 
Questionnaire: The subjects who were recruited was asked to come to the research station 
next to the registration tables and complete a questionnaire to gather general information 
which included some insight on the training quantities of the individuals and to ensure 
participation criteria were met. The testing procedures were explained to each participant and 
they were asked to sign an informed consent form (See appendix C).  
 
Anthropometric measurements: After completion of the questionnaire individuals were 
asked to remove their shoes and additional clothing in order for measurements to be taken. 
The height and weight of the participant were noted and recorded on the questionnaire as well 
as on the RS Footscan® program (as required by the program).  
 
Plantar force data: At the start of each testing day the RS Footscan® 2m plate and program 
default was calibrated as required by the system. The equipment and testing procedure was 
explained to each participant by the researcher before the RS Footscan® walking trials were 
conducted. Participants performed ten trials each, alternating between the left and right foot 
to initiate walking over the foot plate. After each trial the researcher reminded the participant 
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which foot to use for the ensuing trial. The participant was also reminded to lift their head 
and not to target the plate during each trial.  After questions were answered and the 
participant understood the instructions, ten walking trials on the 2m RS Footscan® platform 
were recorded.  Foot prints were visually inspected on the computer‟s program display 
screen. The researcher ensured that all ten trials that were recorded met the criteria for the 
equipment used. Trials where abnormal gait or „half recorded‟ prints were recorded resulted 
in the repeating of the trial (illustrated in figure 3.4). Where participants might have 
misjudged the centre or the length of the platform, the trial was repeated to ensure 
consistency. All measurements were recorded after each individual completed their ten trials.  
 
 
 
 
 
 
 
 
Figure 3.4:  Example of exclusion trial where footprint is not recorded on the force 
platform. 
 
3.5.2  Post-event data collection 
 
The post-test was conducted directly after the ultra-endurance event (within half an hour to an 
hour after finishing) on the 25
th
 of
 
April 2010 during which ten walking trials as well as the 
participant‟s weight was once again recorded. The research tent was set up just outside the 
finishing area. 
 
Recruitment: Participants were escorted from the finishing line to the research tent by means 
of identifying them by their race numbers and asking them if they can participate in the post-
test trials. 
 
Anthropometrical measurements: Directly after the completion of the ultra-endurance 
event, weight was once again recorded according to the ISAK standards and recorded on 
ST
A
R
T 
EN
D
 
56 
 
recording sheets which contained information on all the participants. The scale was placed at 
the entrance of the tent where participants could sit and remove their shoes. The same 
instructions and procedures were followed as was the case before the competition. 
 
Plantar force data: Ten trials of walking over the RS Footscan® were recorded within half 
an hour to an hour after completing the event. Inclusion criteria were monitored for each 
individual and the ten post-test trials were conducted in exactly the same manner and with the 
same instructions as the pre-test trials. An average of the ten pre-test trials and ten post-test 
trials were used for comparison purposes. 
  
3.6  ETHICAL CONSIDERATIONS 
 
According to De Vos et al. (2005:57), ethics consist of a set of principles that allow 
consideration of moral principles, human rights and testing procedures that allows no harm to 
any involved parties.  
 
Ethical clearance was obtained from the Health Science‟s Faculty Research, Technology and 
Innovation committee (FRTI) and the Research Ethics Committee (Human) (Rec-H) at 
NMMU during March 2010 (Ethics reference: H10-HEA-HMS-005).   Permission to conduct 
the study at the Iron Man event was sought and approved in April 2010 by the main Iron Man 
event organizer (Appendix B). All participation in this study was voluntary and participants 
were informed of this before they agreed to participate.  
 
Informed consent forms were given and explained to all participants to sign before 
participating in the current study (Appendix A and C). Participants were encouraged to asked 
questions regarding the testing procedures and the researcher ensured that the participants 
understood the requirements and felt comfortable during the testing prior to the competition 
as well as after the competition.  
 
3.7  STATISTICAL ANALYSIS 
 
The assistance of a qualified statistician based at the Nelson Mandela Metropolitan 
University was enlisted. Descriptive statistics such as mean, median, standard deviation and 
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frequency distributions were used to analyse the anthropometric as well as plantar forces and 
maximum force data. Graphical representation statistics such as the box-and-whisker plots 
and histograms were used to illustrate mean plantar force data. The ANOVA, t-test and 
Cohen‟s d was applied to ascertain statistical and practical significance respectively between 
gender groups as well as experience groups in respect of the relevant plantar forces obtained 
(Thomas, Nelson & Siverman, 2005). 
 
General interpretation practice of Cohen‟s d was followed with an absolute value between 0.2 
and 0.5 indicating small practical significance, between 0.5 and 0.8 indicating moderate 
practical significance and a value greater than or equal to 0.8 indicating large practical 
significance (Gravetter & Wallnau, 2009). For correlation analyses interpretation of the 
correlation coefficient in terms of practical significance were considered as follows: between 
0.10 and 0.30 as small, between 0.30 and 0.50 as moderate and greater than 0.50 as large 
correlation (Thomas et al. 2005). 
 
The following chapter reports on the results obtained to achieve the aims and objectives of 
this study. 
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CHAPTER 4 
 RESULTS 
 
4.1  INTRODUCTION 
 
The aim of this study is to determine plantar forces of the foot before and after an ultra-
endurance event by collecting data from both male and female athletes using the RS Foot 
Scan®. In addition anthropometrical measurements and information about previous injuries 
were collected to determine any potential effect these variables may have on the plantar foot 
forces. The results obtained were statistically analysed and reflect the forces under the plantar 
surface as well as force changes after an ultra-endurance event. This chapter furthermore 
discusses and compares the results obtained for the different gender groups and previous Iron 
Man competitors versus novice participants. The following criteria were used to determine 
the significance of results:  
 Statistical significance: p<.05  
 Practical significance: Cohen‟s d (absolute) value of greater than 0.02  
Where significant results were observed, both the statistical and practical significance 
statistics are given. If a result did not prove to be statistically significant, the practical 
significance value, being irrelevant, is not given. 
 
This chapter therefore contains the descriptive and comparative statistics for all variables 
which are of interest. Firstly descriptive statistics are presented focusing on plantar foot 
forces for each gender group and two experience categories namely that of previous Iron man 
competitors and novices. This is followed by comparative statistics depicting before and after 
competition plantar foot forces for the total sample group as well as for the two gender 
groups and experience categories. Correlation results are also represented to analyse the 
possible effect of weight on the plantar force changes from before to after the competition. 
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4.2  DESCRIPTIVE STATISTICS AND STATISTICAL ANALYSIS 
OF THE EFFECT OF GENDER 
 
In this section each measurement used in this study is reflected separately for the total sample 
as well as for each gender. It starts with biographic and anthropometric data, injury history 
and then data captured for plantar forces follow. Reference is given to mean values, standard 
deviations, range values and frequency distributions for each of the variables and for each of 
the gender categories of participants assessed. When determining the categories for the 
various frequency distributions mentioned in this chapter, quartiles 1 and 3 (Q1 and Q3) for 
the total sample were used to set the intervals for each category. This was done in order to 
maintain consistency throughout the study.  
Three categories were thus defined as: 
 Low: values less than or equal to Q1, labelled as “≤ Q1”;  
 Average: values between Q1 and Q3, labelled as “Q1-Q3”; 
 High: values greater than or equal to Q3, labelled as “≥Q3”.  
 
4.2.1  AGE 
 
Table 4.2.1.1 reflects the descriptive statistics of the age of the athletes involved in this study. 
  
Table 4.2.1.1: Descriptive statistics regarding the age (in years) of the participants  
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 38.08 10.58 22.00 31.00 36.00 42.00 76.00 
Male 66 38.86 11.07 23.00 31.00 36.00 42.75 76.00 
Female 18 35.22 8.18 22.00 31.25 35.50 40.00 50.00 
 
The age of participants in the study ranged between 22 and 76 years. Females mean age of 
35.22 (±8.18) was below that of the sample mean. No significant differences were found 
between the two gender groups in terms of age (t (82) = -1.30, p = .197).  
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Table 4.2.1.2 reflects the frequency distribution of participants‟ age. 
 
Table 4.2.1.2: Frequency Distribution - Equidistant Intervals - Age (years)  
Gender (22.0-32.8) (32.8-43.6) (43.6-54.4) (54.4-65.2) (65.2-76.0) Total 
All 25 (29.8%) 40 (47.6%) 12 (14.3%) 5 (6.0%) 2 (2.3%) 84 (100%) 
Male 19 (28.8%) 31 (47.0%) 9 (13.6%) 5 (7.6%) 2 (3.0%) 66 (100%) 
Female 6 (33.3%) 9 (50.0%) 3 (16.7%) 0 (0.0%) 0 (0.0%) 18 (100%) 
 
Indicated in table 4.2.1.2 is the distribution of age across five equidistant intervals. When 
considering the total group of participants, most athletes (47.6%) were between the ages of 
32.8 and 43.6 years. Males and females followed a similar pattern with the largest proportion 
(47%) and (50%) of the sample group in the age category 32.8 to 43.6 years of age.  
 
 
Figure 4.1: Frequency distribution - Age (years) 
 
Figure 4.1 serves as visual confirmation that the majority of participants fell in the age 
category 32.8 to 43.6 years. This figure is positively skewed indicating most participants 
were under the age of 50 years. 
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4.2.2  HEIGHT 
 
Table 4.2.2.1 reflects the descriptive statistics of the height of participants. The mean height 
for the total group was 177.14 (±9.51) cm while that of males and females was 180.04 
(±7.62) cm and 166.52 (±8.18) cm respectively. 
 
Table 4.2.2.1: Descriptive statistics - Height (cm)  
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 177.14 9.51 147.30 170.98 178.45 184.13 201.00 
Male 66 180.04 7.62 160.80 176.45 180.95 184.90 201.00 
Female 18 166.52 8.18 147.30 161.55 167.05 170.40 181.50 
 
There was a large significant difference between the male and female groups in terms of 
height (t (82) = -6.57, p < .0005, d = 1.75).  
 
4.2.3  BODY WEIGHT 
 
4.2.3.1  Body weight before the competition 
 
Table 4.2.3.1.1 shows the descriptive statistics for body weight before the competition.  
 
Table 4.2.3.1.1: Descriptive statistics - Weight before the competition (kg)  
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 77.39 12.42 51.65 66.64 79.03 85.63 101.85 
Male 66 81.64 10.06 58.00 74.50 83.60 88.73 101.85 
Female 18 61.84 6.33 51.65 56.89 62.25 63.53 76.85 
 
A large, significantly lower mean weight for females of 61.84 (±6.33) kg was observed. 
There was a large significant statistical difference between male and female weights (t (82) = 
-7.92, p < .0005, d = 2.10). 
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Table 4.2.3.1.2 indicates the frequency distribution for weight before the competition in 
quartiles.  
 
Table 4.2.3.1.2: Frequency Distribution according to Quartiles 1 and 3 - Weight before 
the competition (kg)  
Gender ≤ Q1(66.64) Q1-Q3 ≥Q3 (85.63) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 6 (9%) 39 (59%) 21 (32%) 66 (100%) 
Female 15 (83%) 3 (17%) 0 (0%) 18 (100%) 
 
It is clear from Table 4.2.3.1.2 that females were largely represented in the first quartile with 
a weight smaller than 66.64kg. Males were dominant in the interquartile range with weights 
between 66.64kg and 85.63kg. 
 
Figure 4.2 depicts the weight distribution of the participant prior to participating in the event. 
 
 
Figure 4.2: Frequency distribution according to Quartiles (Overall) - Weight before the 
competition (kg)  
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From Figure 4.2 it is clear that females were predominantly of a lower weight than the mean 
weight of the sample group while males fell predominantly in the interquartile range (Q1-
Q3). Females‟ weight forms a positively skewed distribution while that of the males form a 
more centrally peaked distribution. 
 
4.2.3.2  Body weight after the competition 
 
Table 4.2.3.2.1 reflects the descriptive statistics of the body weight of the participants after 
the competition.  
 
Table 4.2.3.2.1: Descriptive statistics - Weight after the competition (kg)  
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 75.40 11.94 50.90 65.33 77.50 83.58 99.15 
Male 66 79.35 9.82 54.80 72.80 81.23 86.16 99.15 
Female 18 60.92 6.66 50.90 55.85 60.70 64.53 77.00 
 
After the competition females displayed a considerable lower body weight of 60.92 (±6.66) 
kg when compared to the mean body weight. A large significant difference in weight was 
recorded between the two gender groups after the competition (t (82) = -7.49, p < .0005, d = 
1.99).  
 
Table 4.2.3.2.2: Frequency Distribution according to Quartiles 1 and 3 - Weight after 
the competition (kg)  
Gender ≤ Q1(65.33) Q1-Q3 ≥Q3 (83.58) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 6 (9%) 39 (59%) 21 (32%) 66 (100%) 
Female 15 (83%) 3 (17%) 0 (0%) 18 (100%) 
 
Post-event weight, distributed into quartiles, indicated that most individuals in the overall 
group fell in the second and third quartile. Females are dominant in the first quartile (83%) 
and males in the second and third quartiles (59%). 
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Figure 4.3: Frequency distribution according to Quartiles (Overall) - Weight after the 
competition (kg)  
In Figure 4.3 females‟ post-competition weight peaks in a positively skewed graph while 
males‟ weight is more centrally peaked and normally distributed. 
 
4.2.4  BODY MASS INDEX (BMI) 
 
4.2.4.1  BMI before the competition 
 
Table 4.2.4.1.1 shows the descriptive statistics for Body Mass Index (BMI) before the 
competition reflecting a mean of 24.54 (±2.55) kg.m
-2
.  
 
Table 4.2.4.1.1: Descriptive statistics - BMI (kg.m
-2
) before the competition  
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 24.54 2.55 19.22 22.48 24.51 26.36 31.44 
Male 66 25.14 2.33 20.31 23.51 25.19 26.50 31.44 
Female 18 22.34 2.12 19.22 21.05 22.21 23.22 27.89 
 
A large significant difference was found between the males and females for BMI (t (82) = -
4.60, p < .0005, d = 1.22).  
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4.2.4.2  BMI after the competition 
 
Table 4.2.4.2.1 shows the BMI after the competition. For the entire sample group the mean 
BMI was 23.92 (±2.48) kg.m
-2
. 
 
Table 4.2.4.2.1: Descriptive statistics - BMI (kg.m
-2
) after the competition  
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 23.92 2.48 18.43 21.95 24.13 25.43 30.60 
Male 66 24.44 2.32 19.69 22.90 24.59 25.87 30.60 
Female 18 21.99 2.12 18.43 20.80 21.77 22.84 27.94 
 
A large significant difference was found between the males and females for BMI (t (82) = -
4.03, p < .0005, d = 1.07).  
 
4.2.5  FOOT INJURIES 
 
Although athletes who had injuries at the time (or within six months of the selected ultra-
endurance event) when testing was conducted were excluded from the sample group, the 
injury history of the participants reflected that certain participants did in fact experience 
certain foot injuries longer than six months ago. Table 4.2.5.1 indicates the history of selected 
injuries previously experienced by the sample group.  
 
Table 4.2.5.1 Number and percentage of participants that had specific previous injuries  
Injuries All Male Female 
Metatarsal Stress 
Fracture 
3   (3.23%) 1   (1.45%) 2   (8.33%) 
Plantar Fasciitis 10 (8.77%) 8   (8.89%) 2   (8.33%) 
Bunions 2   (2.22%) 0   (0%) 2   (8.33%) 
Tarsal Tunnel 
Syndrome 
1   (1.15%) 1   (1.45%) 0   (0%) 
Total 84 (100%) 66 (100%) 18 (100%) 
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Of the injuries reflected in table 4.2.5.1 plantar fasciitis seems to be the most commonly 
experienced injury for both genders with 8.89% and 8.33% of males and females reporting 
this injury respectively.  
 
4.2.6  SUM OF PLANTAR FORCES 
 
4.2.6.1  Sum of plantar forces before the competition 
 
4.2.6.1.1 Sum of plantar forces before the competition of the left foot 
 
Table 4.2.6.1.1 reflects descriptive statistics of the sum of plantar forces for the left foot 
before the competition. Overall the mean sum of plantar forces of the left foot before the 
competition was 268.44 (±80.12) N indicating a large variance of sum of plantar forces in the 
sample group.  
 
Table 4.2.6.1.1: Descriptive statistics - Sum of plantar forces before the competition for 
the left foot (N)  
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 268.44 80.12 64.84 221.42 274.27 318.29 490.19 
Male 66 285.35 78.17 64.84 249.82 285.75 325.50 490.19 
Female 18 206.43 52.87 77.84 194.06 207.50 231.88 291.09 
 
A large significant difference was found between the plantar forces of males and females for 
the left foot before the competition (t (82) =-4.03, p < .0005, d = 1.07). These results indicate 
that females generally displayed a lower sum of plantar forces before the competition, as was 
the trend with the BMI and body weight. 
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Figure 4.4: Box-and-whiskers plots - Sum of plantar forces before the competition for 
the left foot by gender 
 
Figure 4.4 indicates whisker plots for the sum of plantar forces of the left foot before the 
competition. Note that in this and other similar box-and-whiskers plots in this text, the 
midpoint of the box depicts the mean value, whilst the top and bottom of a box is at a 
distance of one standard deviation from the mean, with the whiskers depicting the range 
(maximum and minimum). The significant lower mean of the left foot plantar forces of 
females is clearly illustrated in Figure 4.4. 
 
4.2.6.1.2 Sum of plantar forces before the competition of the right foot 
 
Table 4.2.6.1.2 shows the descriptive statistics for the sum of plantar forces of the right foot 
before the competition. The overall mean for the sample group was 424.98 (±136.24) N.  
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Table 4.2.6.1.2: Descriptive statistics - Sum of plantar forces before the competition for 
the right foot (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 424.98 136.24 84.53 336.47 441.09 507.54 741.17 
Male 66 457.45 131.19 84.53 388.12 462.33 523.30 741.17 
Female 18 305.93 75.58 135.53 287.83 305.74 345.36 445.41 
 
Once again the mean plantar force for males (457.45 N) was lower than that of females 
(305.93 N). The difference between males and females was found to be large and significant 
(t (82) = -4.68, p < .0005, d = 1.24).  
 
From Tables 4.2.6.1.1 and 4.2.6.1.2 it is clear that the mean sum of plantar forces for the right 
feet of all participants is higher than that of the left feet before the competition. 
 
 
Figure 4.5: Box-and-whiskers plots – Sum of plantar forces before the competition for 
the right foot by gender 
Figure 4.5 shows the box-and-whisker plots for the sum of plantar forces of the right foot 
before the competition. The figure has a similar shape to the left foot although the right foot 
displays overall higher plantar forces. 
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4.2.6.1.3 Sum of combined plantar forces before the competition for both the left and right 
foot  
 
Table 4.2.6.1.3 shows the descriptive statistics for the combined plantar forces of the left and 
right foot before the competition. The overall mean for the sample group was 693.42 
(±210.13) N.  
 
Table 4.2.6.1.3: Descriptive statistics – Sum of plantar forces for both the left and right 
foot before the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 693.42 210.13 149.36 550.77 715.33 831.95 1231.37 
Male 66 742.80 201.59 149.36 653.17 756.54 850.42 1231.37 
Female 18 512.36 126.58 213.37 482.64 517.23 571.01 736.49 
 
A large significant difference was found between the males and females for the combined 
plantar forces under the right and left foot before the competition (t (82) = -4.60, p < .0005, d 
= 1.22).  
 
4.2.6.2  Sum of plantar forces after the competition  
 
4.2.6.2.1 Sum of plantar forces after the competition for the left foot 
 
Table 4.2.6.2.1 reflects descriptive data for the sum of plantar forces of the left foot after the 
competition. The mean sum of plantar forces of the left foot after the competition was 241.06 
(±55.11) N.  
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Table 4.2.6.2.1: Descriptive statistics – Sum of plantar forces after the competition for 
the left foot (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 241.06 55.11 133.43 205.65 238.29 283.39 372.40 
Male 66 252.88 52.49 140.29 218.25 257.26 287.10 372.40 
Female 18 197.70 41.94 133.43 166.54 196.51 222.31 272.33 
 
A large significant difference was found between the males and females for the sum of 
plantar forces under the left foot after the competition (t (82) = -4.11, p < .0005, d = 1.09).  
 
 
Figure 4.6: Box-and-whiskers plots – Sum of plantar forces after the competition for the 
left foot by gender 
Figure 4.6 illustrates the mean sum of plantar forces of the left foot after the competition. The 
significantly higher mean score of males compared to females is evident in this figure. 
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4.2.6.2.2 Sum of plantar forces after the competition for the right foot 
 
Table 4.2.6.2.2 reflects descriptive statistics for the plantar forces under the right foot after 
the competition. The mean sum of plantar forces of the right foot after the competition was 
381.16 (±83.77) N. 
 
Table 4.2.6.2.2: Descriptive statistics – Sum of plantar forces after the competition for 
the right foot (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 381.16 83.77 187.00 324.86 389.36 437.86 559.75 
Male 66 404.09 75.99 187.00 356.96 409.67 450.37 559.75 
Female 18 297.09 51.53 219.49 248.89 317.41 328.94 411.67 
 
A large significant difference was found between the males and females for sum of plantar 
forces under the right foot after the competition (t (82) = -5.62, p < .0005, d = 1.49).  
 
 
Figure 4.7: Box-and-whiskers plots – Sum of plantar forces after the competition for the 
right foot by gender 
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Figure 4.7 illustrates the sum of plantar forces for the right foot after the competition. The 
males displayed a lower minimum plantar force in the sample group although the average 
plantar forces for the right foot were greater for males than females. 
 
4.2.6.2.3 Sum of combined plantar forces after the competition for both the right and left foot 
 
Table 4.2.6.2.3 reflects the descriptive statistics for the sum of plantar forces of the left and 
right foot combined after the competition with a mean of 622.22 (±126.45) N. 
 
Table 4.2.6.2.3: Descriptive statistics - Sum of combined plantar forces for the right and 
left foot after the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 622.22 126.45 362.77 532.10 621.61 713.64 927.92 
Male 66 656.97 112.11 364.75 588.25 645.31 735.71 927.92 
Female 18 494.78 90.15 362.77 420.17 514.61 550.60 684.00 
 
There was a large significant difference between the two gender groups (t (82) = -5.65, p < 
.0005, d = 1.50). 
 
4.2.7  SUM OF PLANTAR FORCES FOR THE FOREFOOT, HEEL AND HALLUX 
 
The foot can be subdivided further into three sections for plantar forces, namely the forefoot, 
heel and hallux. Further analysis was done for the forefoot, heel and hallux by gender 
categories to determine if there are any changes that occur at these individual areas. These 
sections were added to the appendices (see appendix E). Plantar force changes at the different 
areas of the foot is of interest to the athletes, as certain areas may experience greater force 
changes for the left and right foot or from before to after the competition. As these areas were 
not included in the main aims and objectives of this study, but reviewed for interest, more 
detail can be obtained in the appendices. Injury occurrence at specific areas of the foot can be 
detected by analysing the plantar forces in these areas. 
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4.2.8  DIFFERENCE BETWEEN PLANTAR FORCES OF THE LEFT AND RIGHT 
FOOT  
 
4.2.8.1 Difference between the plantar forces of the left and right foot before the 
competition 
 
4.2.8.1.1 Difference between the plantar forces of the left and right forefoot before the 
competition 
 
Table 4.2.8.1.1 reflects the descriptive statistics for the plantar force differences between the 
left and right forefoot before the competition. The overall difference between the left and 
right forefoot before the competition was -94.94 (±41.24) N reflecting the dominance of the 
right foot. 
 
Table 4.2.8.1.1: Descriptive statistics – Difference between the plantar forces of the left 
and right forefoot before the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -94.94 41.24 -186.42 -127.26 -87.44 -67.25 -2.30 
Male 66 -103.41 40.08 -186.42 -131.78 -103.96 -75.77 -2.30 
Female 18 -63.86 29.31 -139.68 -75.53 -66.26 -46.88 -19.26 
 
The difference of -94.94 N between the plantar forces of the left and right forefoot before the 
competition was found to be large and significant (t (83) = -21.10, p < .0005, d = 2.30). A 
large significant difference was also found between the gender groups (t (82) = 3.90, p < 
.0005, d = 1.04) in respect of the left and right forefoot differences before the competition.  
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4.2.8.1.2 Difference between the plantar forces of the left and right heel before the 
competition 
 
Table 4.2.8.1.2 reflects the descriptive data for the differences between the left and right heel 
before the competition with an overall difference of -234.24 (±131.91) N. Once again this 
reflects the dominance of the right foot. 
 
Table 4.2.8.1.2: Descriptive statistics - Difference between the plantar forces of the left 
and right heel before the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -234.24 131.91 -767.40 -296.09 -209.68 -147.58 -34.65 
Male 66 -259.19 135.85 -767.40 -310.59 -240.58 -157.18 -34.65 
Female 18 -142.75 55.79 -218.65 -191.31 -144.50 -99.31 -44.30 
 
The difference of -234.24 N between the plantar forces of the left and right heel before the 
competition was found to be large and significant (t (83) = -16.26, p < .0005, d = 1.78). A 
large significant difference was found between the gender groups in terms of the difference 
between the left and the right heel before the competition (t (82) = 3.54, p < .001, d = 0.93).  
 
4.2.8.1.3 Difference between the plantar forces of the left and right hallux before the 
competition 
 
Table 4.2.8.1.3 reflects the descriptive data for the differences between the left and right 
hallux before the competition. The overall difference between the left and right hallux before 
the competition was -84.14 (±91.07).  
 
Table 4.2.8.1.3: Descriptive statistics - Difference between the plantar forces of the left 
and right hallux before the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -84.14 91.07 -398.50 -124.93 -79.05 -33.73 142.40 
Male 66 -89.31 98.88 -398.50 -134.65 -84.40 -31.98 142.40 
Female 18 -65.18 51.22 -169.40 -91.00 -61.90 -42.25 31.30 
 
75 
 
The difference of -84.14 N between the plantar forces of the left and right hallux before the 
competition was found to be large and significant 9t (83) = -8.47, p < .0005, d = 0.92). No 
significant difference was found between the gender groups (t (82) = 1.00, p = .322) in 
respect of differences between left and right hallux before the competition. 
 
4.2.8.1.4 Difference between the plantar forces of the left and right foot before the 
competition 
 
Table 4.2.8.1.4 reflects the descriptive data for the plantar force differences between the left 
and right foot before the competition. The mean overall difference between the left and right 
foot before the competition was -156.54 (±76.19) N reflecting the dominance of the right 
foot. 
 
Table 4.2.8.1.4: Descriptive statistics - Difference between the plantar forces of the left 
and right foot before the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -156.54 76.19 -468.38 -185.80 -147.63 -105.36 -19.69 
Male 66 -172.10 77.49 -468.38 -197.92 -166.34 -129.37 -19.69 
Female 18 -99.49 31.52 -154.32 -117.41 -100.59 -78.56 -44.51 
 
The difference of -156.54 N between the plantar forces of the left and right foot before the 
competition was found to be large and significant (t (83) = -18.83, p < .0005, d = 2.05). A 
large significant difference was found between the gender groups (t (82) =3.87, p < .0005, d 
= 1.03) with respect of left and right foot differences before the competition.  
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4.2.8.2  Difference between the plantar forces of the left and right foot after the 
competition 
 
4.2.8.2.1 Difference between the plantar forces of the left and right forefoot after the 
competition 
 
Table 4.2.8.2.1 reflects the descriptive data for the force differences between the left and right 
forefoot after the competition. The overall mean difference was -97.67 (±55.90) N reflecting 
the dominance of the right foot. 
 
Table 4.2.8.2.1: Descriptive statistics - Difference between the plantar forces of the left 
and right forefoot after the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -97.67 55.90 -271.34 -128.62 -96.73 -69.66 159.34 
Male 66 -106.35 58.50 -271.34 -136.12 -104.20 -81.23 159.34 
Female 18 -65.84 28.38 -107.98 -82.02 -67.25 -56.36 14.24 
 
The difference of -156.54 N between plantar forces of the left and right forefoot after the 
competition was found to be large and significant (t (83) = -16.01, p < .0005, d = 1,75). A 
moderate significant difference was found between the gender groups (t (82) = -2.84, p < 
.006, d = 0.75). 
 
4.2.8.2.2 Difference between the plantar forces of the left and right heel after the competition 
 
Table 4.2.8.2.2 reflects the descriptive data for the differences between the left and right heel 
after the competition, with a mean difference of -206.22 (±102.38) N. 
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Table 4.2.8.2.2: Descriptive statistics - Difference between the plantar forces of the left 
and right heel after the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -206.22 102.38 -417.40 -281.33 -201.88 -142.55 165.20 
Male 66 -222.91 105.54 -417.40 -303.60 -217.63 -162.34 165.20 
Female 18 -145.04 59.51 -281.15 -172.24 -142.15 -112.83 -51.75 
 
The difference of -206.22 N between the plantar forces of the left and right heel after the 
competition was found to be large and significant (t (83) = -18.37, p < .0005, d = 2.00). A 
large significant difference was found between the gender groups (t (82) = -2.99, p < .004, d 
= 0.80). 
 
4.2.8.2.3 Difference between the plantar forces of the left and right hallux after the 
competition 
 
Table 4.2.8.2.3 reflects the descriptive data for the difference between the left and right 
hallux after the competition. The overall difference between the left and right hallux after the 
competition was -33.48 (±58.45) N thereby reflecting the dominance of the right hallux. 
 
Table 4.2.8.2.3: Descriptive statistics - Difference between plantar forces of the left and 
right hallux after the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -33.48 58.45 -170.30 -69.83 -25.60 0.05 106.50 
Male 66 -30.36 59.21 -160.80 -68.73 -22.60 1.55 106.50 
Female 18 -44.91 55.65 -170.30 -74.85 -41.75 -6.65 44.80 
 
The difference of -33.48 N between the plantar forces of the left and right hallux after the 
competition was found to be moderate and significant (t (83) = -5.70, p < .0005, d = 0.62). 
The difference depicted between the gender groups was found to be not significant (t (82) = -
0.94, p = .352). 
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4.2.8.2.4 Difference between the plantar forces of the left and right foot after the competition 
 
Table 4.2.8.2.4 reflects the descriptive data for the difference between the left and right foot 
after the competition, with a mean of -140.10 (±64.17). 
 
Table 4.2.8.2.4: Descriptive statistics - Difference between the plantar forces of the left 
and right foot after the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -140.10 64.17 -305.95 -182.68 -134.18 -102.55 148.42 
Male 66 -151.20 67.01 -305.95 -189.22 -153.00 -112.40 148.42 
Female 18 -99.39 26.49 -147.56 -112.55 -99.51 -86.47 -57.10 
 
The difference of -140.10 N between the plantar forces of the left and right foot after the 
competition was found to be large and significant (t (83) = -20.01, p < .0005, d = 2.18). A 
large significant difference was found between the gender groups (t (82) = 3.20, p = .002, d = 
0.85). 
 
4.2.9  DIFFERENCE BETWEEN THE PLANTAR FORCES AFTER AND BEFORE 
THE COMPETITION (POST – PRE COMPETITION PLANTAR FORCES) 
 
4.2.9.1  Left foot 
 
4.2.9.1.1 Difference between the plantar forces after and before the competition for the left 
forefoot 
 
Table 4.2.9.1.1 reflects the descriptive data for the difference between the plantar force after 
and before the competition for the left forefoot indicating a mean difference of -20.90 
(±65.94) N. The left forefoot plantar forces were therefore on average 20.90 N smaller than 
before the competition. 
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Table 4.2.9.1.1: Descriptive statistics - Difference between the plantar forces after and 
before the competition for the left forefoot (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -20.90 65.94 -222.36 -56.73 -19.43 3.24 144.68 
Male 66 -26.89 69.81 -222.36 -59.76 -25.72 0.77 144.68 
Female 18 1.04 44.13 -62.92 -31.24 -2.04 10.46 108.78 
 
The difference of -20.90 N between plantar forces after and before the competition for the left 
forefoot was found to be small and significant (t (83) = -2.90, p = .005, d = 0.32). The 
difference between the two gender groups was found to be not significant (t (82) = 1.61, p = 
.112). 
 
4.2.9.1.2 Difference between the plantar forces after and before the competition for the left 
heel 
 
Table 4.2.9.1.2 reflects the descriptive data for the difference between the plantar forces after 
and before the competition for the left heel. A mean difference of -26.22 (±115.46) N was 
recorded indicating smaller plantar forces for the left heel after the competition. 
 
Table 4.2.9.1.2: Descriptive statistics - Difference between the plantar forces after and 
before the competition for the left heel (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -26.22 115.46 -361.45 -89.88 -30.58 28.10 291.55 
Male 66 -31.21 120.57 -361.45 -103.23 -29.68 26.81 291.55 
Female 18 -7.93 95.12 -115.15 -65.59 -31.80 19.96 234.05 
 
The difference of -26.22 N between plantar forces after and before the competition for the left 
heel was found to be small and significant (t (83) = -2.08, p = .040, d = 0.23). The difference 
between the two gender groups was found to be not significant (t (82) = 0.76, p = .452). 
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4.2.9.1.3 Difference between the plantar forces after and before the competition for the left 
hallux 
 
Table 4.2.9.1.3 reflects the descriptive data for the difference between the plantar forces after 
and before the competition for the hallux with a mean of -61.76 (±62.29) N. The left hallux 
plantar forces were therefore on average 61.76 N smaller than before competition. 
 
Table 4.2.9.1.3: Descriptive statistics - Difference between the plantar forces after and 
before the competition for the left hallux (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -61.76 62.29 -239.70 -112.20 -61.75 -21.78 137.90 
Male 66 -63.23 65.62 -239.70 -112.80 -71.60 -21.95 137.90 
Female 18 -56.34 49.38 -145.90 -76.78 -55.25 -22.45 39.90 
 
The difference of -61.76 N between plantar forces after and before the competition for the left 
hallux was found to be large and significant (t (83) = -9.09, p < .0005, d = 0.99). The 
difference between the two gender groups was found to be not significant (t (82) = 0.41, p = 
.680). 
 
4.2.9.1.4 Difference between the plantar forces after and before the competition for the entire 
left foot 
 
Table 4.2.9.1.4 reflects the descriptive data for the difference between plantar forces after and 
before the competition for the left foot with a mean of -27.38 (±78.42) N. This indicated 
higher forces for the left foot before the competition. 
 
Table 4.2.9.1.4: Descriptive statistics - Difference between the plantar force after and 
before the competition for the left foot (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -27.38 78.42 -228.85 -63.79 -35.51 5.86 193.26 
Male 66 -32.46 82.01 -228.85 -85.21 -41.49 5.41 193.26 
Female 18 -8.73 61.99 -72.48 -47.84 -21.33 4.60 145.46 
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The difference of -27.38 N between plantar force after and before the competition for the left 
foot was found to be small and significant (t (83) = -3.20, p = .002, d = 0.35). The difference 
between the two gender groups was found to be not significant (t (82) =1.14, p = .258). 
 
4.2.9.2  Right foot 
 
4.2.9.2.1 Difference between the plantar forces after and before the competition for the right 
forefoot 
 
Table 4.2.9.2.1 reflects the descriptive data for the difference between the plantar forces of 
the right forefoot after and before the competition with a mean of -18.17 (±79.25) N. On 
average the right forefoot plantar forces were 18.17 N smaller than before the competition. 
 
Table 4.2.9.2.1: Descriptive statistics - Difference between the plantar forces after and 
before the competition for the right forefoot (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -18.17 79.25 -168.68 -61.25 -27.05 4.82 208.82 
Male 66 -23.94 82.49 -168.68 -63.41 -32.37 3.01 208.82 
Female 18 3.02 63.62 -98.74 -20.53 -4.45 5.02 179.86 
 
The difference of -18.17 between plantar forces after and before the competition for the right 
forefoot was found to be small and significant (t (83) = -2.10, p = .039, d = 0.23). The 
difference between the two gender groups was found to be not significant (t (82) = 1.28, p = 
.203). 
 
4.2.9.2.2 Difference between the plantar forces after and before the competition for the right 
heel 
 
Table 4.2.9.2.2 reflects the descriptive data for the differences between the plantar forces 
after and before the competition for the right heel with a mean of -54.24 (±185.11) N. 
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Table 4.2.9.2.2: Descriptive statistics - Difference between the plantar forces after and 
before the competition for the right heel (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -54.24 185.11 -519.40 -160.63 -51.60 26.75 409.05 
Male 66 -67.49 195.77 -519.40 -176.21 -58.60 25.78 409.05 
Female 18 -5.64 132.56 -187.35 -79.25 -31.50 31.61 293.35 
 
The difference of -54.24 N between plantar forces after and before the competition for the 
right heel was found to be small and significant (t (83) = -2.69, p = .009, d = 0.29). The 
difference between the gender groups was found to be not significant (t (82) = 1.26, p = 
.211). 
 
4.2.9.2.3 Difference between the plantar forces after and before the competition for the right 
hallux 
 
Table 4.2.9.2.3 reflects the descriptive data for the difference between the plantar force after 
and before the competition for the right hallux, with a mean of -112.41 (±103.86) N. 
 
Table 4.2.9.2.3: Descriptive statistics - Difference between the plantar forces after and 
before the competition for the right hallux (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -112.41 103.86 -553.70 -174.95 -106.20 -35.93 61.10 
Male 66 -122.18 110.51 -553.70 -178.48 -106.20 -36.60 61.10 
Female 18 -76.61 65.13 -164.30 -122.83 -93.25 -29.10 32.10 
 
The difference of -112.41 N between the plantar forces after and before the competition for 
the right hallux was found to be large and significant (t (83) = -9.92, p < .0005, d = 1.08). The 
difference between the two gender groups was found to be not significant (t (82) = 1.67, p = 
.009). 
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4.2.9.2.4 Difference between the plantar forces after and before the competition for the entire 
right foot 
 
Table 4.2.9.2.4 reflects the descriptive data for the difference between the plantar forces after 
and before the competition for the right foot with a mean of -43.82 (±115.51) N. The entire 
right foot plantar forces were on average 43.82 N smaller for the total sample group after the 
competition. 
 
Table 4.2.9.2.4: Descriptive statistics - Difference between the plantar forces after and 
before the competition for the right foot (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -43.82 115.51 -313.63 -104.86 -45.22 2.56 259.03 
Male 66 -53.36 121.07 -313.63 -117.35 -70.87 0.25 259.03 
Female 18 -8.84 86.31 -129.28 -46.53 -25.55 7.75 202.70 
 
The difference of -43.82 N between plantar forces after and before the competition for the 
right foot was found to be small and significant (t (83) = -3.48, p = .001, d = 0.38). The 
difference between the two gender groups was found to be not significant (t (82) = 1.46, p = 
.148). 
 
4.2.10  AVERAGE DIFFERENCE BETWEEN PLANTAR FORCES AFTER AND 
BEFORE THE COMPETITION FOR BOTH FEET COMBINED  
 
4.2.10.1 Average difference between plantar forces after and before the competition for 
both the left and right forefoot combined 
 
Table 4.2.10.1 reflects the descriptive data for the difference between the plantar forces after 
and before the competition for the left and right forefoot combined. A mean difference of   -
39.07 (±133.70) N was found indicating that the forefoot applied, on average, 39.07 N less 
force after the event. 
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Table 4.2.10.1: Descriptive statistics - Average difference between plantar forces after 
and before the competition for both the left and right forefoot combined (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -39.07 133.70 -338.06 -115.27 -55.42 -2.14 342.30 
Male 66 -50.83 139.24 -338.06 -132.35 -65.36 -13.27 342.30 
Female 18 4.07 103.15 -109.98 -54.50 -4.00 10.94 288.64 
 
The difference of -39.07 N for plantar forces after and before the competition for the right 
and left forefoot combined was found to be small and significant (t (83) = -2.68, p = .009, d = 
0.29). The difference between the gender groups was found to be not significant (t (82) = 
1.56, p = .123). 
 
4.2.10.2 Average difference between plantar force after and before the competition for 
both the left and right heel combined 
 
Table 4.2.10.2 reflects the descriptive data for the difference between the plantar forces after 
and before the competition for the right and left heel combined. A mean difference of -80.46 
(±278.03) N was found indicating that the heel applied on average 80.46 N less force after the 
competition. 
 
Table 4.2.10.2: Descriptive statistics - Average difference between the plantar forces 
after and before the competition for the left and right heel combined (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -80.46 278.03 -726.10 -242.49 -102.08 29.81 676.15 
Male 66 -98.69 291.23 -726.10 -250.44 -120.75 24.44 676.15 
Female 18 -13.58 216.99 -275.60 -123.25 -75.40 35.75 527.40 
 
The difference of -80.46 N between average plantar forces after and before the competition 
for the left and right heel combined was found to be small and significant (t (83) = -2.65, p = 
.010, d = 0.29). The difference between the two gender groups was found to be not 
significant (t (82) = 1.15, p = .253). 
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4.2.10.3 Average difference between plantar force after and before the competition for 
the left and right hallux combined 
 
Table 4.2.10.3 reflects the descriptive statistics for the difference between the plantar forces 
after and before the competition for the left and right hallux combined. A mean difference of 
-174.17 (±146.30) N was found indicating an average of 174.17 N less force applied by the 
hallux after the competition. 
 
Table 4.2.10.3: Descriptive statistics - Average difference between the plantar forces 
after and before the competition for both the left and right hallux combined (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -174.17 146.30 -686.40 -245.85 -171.50 -64.68 167.40 
Male 66 -185.41 156.30 -686.40 -261.33 -176.40 -64.25 167.40 
Female 18 -132.94 93.85 -293.20 -191.65 -142.90 -70.00 61.70 
 
The difference of -174.17 N between plantar forces after and before the competition for both 
the left and right hallux combined was found to be large and significant (t (83) = -10.91, p = 
< .0005, d = 1.19). The difference between the two gender groups was found to be not 
significant (t (82) = 1.36, p = .179). 
 
4.2.10.4 Average difference between the plantar force after and before the competition 
for both the left and right foot combined 
 
Table 4.2.10.4 reflects the descriptive data for the difference between the plantar forces after 
and before the competition for both feet combined. A mean difference of -71.20 (±180.11) N 
was found indicating that the feet applied on average 71.20 N less force after the competition. 
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Table 4.2.10.4: Descriptive statistics - Average difference between the plantar forces 
after and before the competition for both the left and right foot combined (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 -71.20 180.11 -429.59 -173.38 -90.70 -11.26 452.29 
Male 66 -85.83 187.07 -429.59 -190.89 -119.51 -19.32 452.29 
Female 18 -17.57 143.91 -169.20 -83.15 -52.67 1.86 348.17 
 
The difference of -71.20 N between plantar forces after and before the competition for the left 
and right foot combined was found to be small and significant (t (83) = -3.62, p = .001, d = 
0.40). The difference between gender groups was found to be not statistical (t (82) = 1.43, p = 
.155). 
 
4.2.11  THE EFFECT OF TRAINING INTENSITY ON PLANTAR FORCES 
 
Training intensities and frequencies were recorded and are presented here to determine if it 
may influence plantar forces of the participants. 
 
4.2.11.1 The effect of training intensity on plantar force 
 
Participants were asked to provide information regarding the intensity levels of their training 
in order to determine if higher of lower intensities influence plantar forces. Table 4.2.11.1 
reflects the frequency distribution for the intensity level at which the participants indicated 
they train during the last six weeks before the competition. 
 
Table 4.2.11.1: Frequency Distribution - Intensity of training sessions 
Gender Low Intermediate Moderate Sub-maximal Maximal Total 
All 1 (1.19%) 5 (5.95%) 48 (57.14%) 23 (27.38%) 7 (8.33%) 84 (100%) 
Male 1 (1.52%) 5 (7.58%) 36 (54.55%) 19 (28.79%) 5 (7.58%) 66 (100%) 
Female 0 (0.00%) 0 (0.00%) 12 (66.67%) 4 (22.22%) 2 (11.11%) 18 (100%) 
 
Intensity classifications for table 4.2.14.1 can be interpreted as follows: Column 1 = low 30-
49%, 2 = intermediate 50-69%, 3 = moderate 70-79%, 4 = sub maximal 80-89%, 5 = 
maximal 90-99% training. Selection criteria used to categorize the participants into categories 
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of low to maximal and super maximum intensity training reflects that the majority of 
participants trained at a moderate intensity level.   
 
4.2.12  SPECIALIZED TRAINING CATEGORIES FOR PARTICIPANTS 
 
Participants‟ training habits were categorized into sections of one session per week, more 
than one session per week, more than two sessions per week and more than three sessions per 
week. This was done to gain information regarding the participants‟ training habits six weeks 
prior to the competition to determine if training influences plantar force. Specific training 
refers to specialized training within each discipline looking at factors such as hill training and 
technique training that develops skill as well as fitness components.  
 
4.2.12.1  Specialized training categories for running 
 
Table 4.2.12.1 reflects the descriptive statistics to indicate the number of specialized running 
sessions the participants had for six weeks prior to the competition. 
 
Table 4.2.12.1: Frequency Distribution – Running Specialized training categories 
Gender 1 session p/w 2 sessions p/w 3 sessions p/w > 3 sessions p/w Total 
All 0 (0.00%) 24 (28.57%) 13 (15.48%) 47 (55.95%) 84 (100%) 
Male 0 (0.00%) 20 (30.30%) 9 (13.64%) 37 (56.06%) 66 (100%) 
Female 0 (0.00%) 4 (22.22%) 4 (22.22%) 10 (55.56%) 18 (100%) 
 
The majority of individuals train for running using specialized techniques such as hill training 
and intervals for at least three times a week. The distribution follows a similar pattern for 
males and females. 
 
4.2.12.2  Specialized training categories for cycling 
 
Table 4.2.12.2 reflects the descriptive statistics to indicate the number of specialized cycling 
sessions the participants followed six weeks prior to the competition. 
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Table 4.2.12.2: Frequency Distribution – Cycling Specialized training categories 
Gender 1 session p/w 2 sessions p/w 3 sessions p/w > 3 sessions p/w Total 
All 0 (0.00%) 22 (26.19%) 37 (44.05%) 25 (29.76%) 84 (100%) 
Male 0 (0.00%) 20 (30.30%) 31 (46.97%) 15 (22.73%) 66 (100%) 
Female 0 (0.00%) 2 (11.11%) 6 (33.33%) 10 (55.56%) 18 (100%) 
 
Overall the largest proportion of the participants trained for cycling three times a week using 
specialized training techniques. Females indicated that they include more cycling sessions as 
part of their exercise regiment than males with a 55.56% in the more than three times a week 
category. 
 
4.2.12.3  Specialized training categories for swimming 
 
Table 4.2.12.3 reflects the descriptive statistics to indicate the number of specialized 
swimming sessions the participants had per week during the six weeks prior to the 
competition. 
 
Table 4.2.12.3: Frequency Distribution – Swimming Specialized training categories 
Gender 1 session p/w 2 session p/w 3 sessions p/w > 3 sessions p/w Total 
All 0 (0.00%) 23 (27.38%) 39 (46.43%) 22 (26.19%) 84 (100%) 
Male 0 (0.00%) 20 (30.30%) 31 (46.97%) 15 (22.73%) 66 (100%) 
Female 0 (0.00%) 3 (16.67%) 8 (44.44%) 7 (38.89%) 18 (100%) 
 
The largest proportion of the athletes indicated that they trained for swimming at least three 
times a week. A greater percentage of females (38.89%) than males (22.73%) indicated more 
than three sessions per week. 
 
4.2.12.4  Specialized training sessions per week for all categories 
 
Table 4.2.12.4 reflects the descriptive statistics to indicate the total number of specialized 
sessions the participants had per week for the six weeks prior to the competition. 
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Table 4.2.12.4: Frequency Distribution – Specialized training sessions per week 
Gender 1 session p/w 2 sessions p/w 3 sessions p/w > 3 sessions p/w Total 
All 0 (0.00%) 21 (25.00%) 39 (46.43%) 24 (28.57%) 84 (100%) 
Male 0 (0.00%) 20 (30.30%) 30 (45.45%) 16 (24.24%) 66 (100%) 
Female 0 (0.00%) 1 (5.56%) 9 (50.00%) 8 (44.44%) 18 (100%) 
 
Most participants did an average of at least three specialized training sessions a week for 
swimming, running and/or cycling. Almost half of the females (44%) indicated having 
undertaken more than three specialized training sessions per week during the last six weeks 
prior to the competition.  It can be concluded that the majority of participants followed 
similar patterns of training for the different disciplines of running, cycling and swimming.  
 
4.2.13  PREVIOUS IRON MAN COMPETITORS 
 
Classifications were made based on whether participants had previous Iron Man experience. 
That is if they completed an Iron Man race before 2010. This was done to be able to compare 
plantar forces between expert and novice groups. Table 4.2.16.1 reflects the gender 
composition of participants according to their Iron Man experience before the data was 
collected in 2010. 
 
Table 4.2.13.1: Frequency Distribution - Iron man experience 
Gender PIMC* Novice Total 
All 43 51.19% 41 48.81% 84 100% 
Male 35 53.03% 31 46.97% 66 100% 
Female 8 44.44% 10 55.56% 18 100% 
*Previous Iron Man competitor 
 
A total of 43 (51.19%) out of 84 participants in the sample group completed a full Iron Man 
event before. This allowed for better comparisons as the sample group was divided more 
equally than with gender. There was no significant difference between the gender groups with 
regards to previous experience (t (82) = -0.12, p = .908). 
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4.2.14  IRON MAN FINISH TIME IN 2010 
 
Table 4.2.14.1 reflects descriptive statistics for the average time in which the sample group 
completed the Iron Man event on the 25
th
 of April 2010. This provides information regarding 
the performance of the total sample group. On average the total sample group took 13.8 
(±1.60) hours to complete the event. 
 
Table 4.2.14.1: Descriptive statistics - Iron Man time for 2010 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 13.08 1.60 9.80 11.97 12.97 13.94 16.73 
Male 66 13.07 1.59 9.84 11.99 12.97 13.88 16.73 
Female 18 13.12 1.71 9.80 12.02 12.92 14.08 16.28 
 
Males and females displayed an average time of 13.07 (±1.59) hours and 13.12 (±1.71) hours 
respectively. The average time for the 2010 Specsavers Iron Man© was 12.52 hours for 1552 
competitors (www.ironman.com/results/2010). Participants in the current study were 
therefore below average when compared to the total population group with statistical results 
(t (82) = -0.12, p =.908) indicating no significant difference between males and females. The 
minimum time was 9.80 hours and the maximum time 16.73 hours. The Iron Man winner for 
2010 presented with a time of 8.23 hours (www.ironman.comm/results/2010).  
 
Table 4.2.14.2 reflects the frequency distribution for the finishing time of the athletes who 
participated in the study. 
 
Table 4.2.14.2: Frequency Distribution according to Quartiles 1 and 3 – Iron Man 
finishing time for 2010  
Gender ≤ Q1 (1.75) Q1 - Q3 ≥Q3 (3.00) Total 
All 21 (25%) 41 (49%) 22 (26%) 84 (100%) 
Male 16 (24%) 34 (52%) 16 (24%) 66 (100%) 
Female 5 (28%) 7 (39%) 6 (33%) 18 (100%) 
 
Females were more evenly distributed between the categories than males. 
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Figure 4.8: Distribution according to Quartiles (Overall) – Iron man finishing time for 
2010 
 
Figure 4.8 illustrates that the majority of participants in the study (males and females) 
finished in the middle quartiles resulting in a relatively normal distribution of the times. 
 
4.3  DESCRIPTIVE STATISTICS AND STATISTICAL ANALYSIS 
OF THE RESULTS OF THOSE PARTICIPANTS WHO HAD 
COMPLETED A PREVIOUS IRON MAN AND OF THOSE WHO 
WERE NOVICES 
 
The following section reflects all the results in the order as above for section 4.2, but with 
respect to experience categories, namely previous Iron Man competitors (PIMC) and novices. 
Firstly anthropometrical and biographical data as well as history of injuries are presented 
followed by plantar force results and lastly training habits.  
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4.3.1  AGE AND GENDER OF PIMC AND NOVICES 
 
Table 4.3.1.1 reflects the descriptive statistics of the age of the athletes involved in this study 
separated into participants who were previous Iron Man competitors (PIMC) and those who 
were novices. The mean age for all the participants was 38.08 (±10.58) years as was shown 
before in table 4.2.1.1. 
 
Table 4.3.1.1: Descriptive statistics - Age (in years) of the participants with reference to 
those completing an Iron Man event before the year 2010 and those who were novices 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 38.08 10.58 22.00 31.00 36.00 42.00 76.00 
PIMC 43 38.51 9.15 26.00 31.00 36.00 44.00 65.00 
Novices 41 37.63 11.99 22.00 30.00 36.00 41.00 76.00 
 
No significant difference was found between PIMC and novices for age (t (82) = 0.38, p = 
.706). 
 
Table 4.3.1.2 reflects the frequency distribution for age of the individuals who competed in 
an Iron Man event before and those who were novices. 
 
Table 4.3.1.2: Frequency Distribution - Equidistant Intervals - Age (years) of the 
participants with reference to those completing an Iron Man event before the year 2010 
and those who were novices 
Iron 
Man 
(22.0-32.8) (32.8-43.6) (43.6-54.4) (54.4-65.2) (65.2-76.0) Total 
All 25 (29.8%) 40 (47.6%) 12 (14.3%) 5 (6.0%) 2 (2.4%) 84 (100%) 
PIMC 13 (30.2%) 18 (41.9%) 9 (20.9%) 3 (7.0%) 0 (0.0%) 43 (100%) 
Novice 12 (29.3%) 22 (53.7%) 3 (7.3%) 2 (4.9%) 2 (4.9%) 41 (100%) 
 
Indicated in table 4.3.1.2 is the distribution of age across five age categories. When 
discussing all participants the most athletes were between the ages of 32.8 and 43.6 years. 
This makes up a total of 40 participants of the sample group accounting for 47.6 % of the 
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study‟s participants. The distribution was the same as for gender. The majority of novices and 
previous Iron Men fell in the same age category (32.8-43.6 years). 
 
 
Figure 4.9:  Equidistance distribution - Age (years) of PIMC and novices 
 
Figure 4.9 visually confirms that the majority of participants were in the age category 32.8-
43.6 years. The distribution in Figure 3.1 is positively skewed indicating most participants 
were under the age of 50 years. 
 
Table 4.3.1.3 reflects the gender distribution of the participants that were PIMC and novices. 
 
Table 4.3.1.3: Frequency Distribution – Gender of PIMC and novices 
Iron 
Man 
Males Females Total 
All 66 (78.57%) 18 (21.43%) 84 (100%) 
PIMC 35 (81.40%) 8 (18.60%) 43 (100%) 
Novices 31 (75.61%) 10 (24.39%) 41 (100%) 
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According to Table 4.3.1.3 the sample of PIMC and Novices groups were therefore similarly 
distributed according to gender. 
 
4.3.2  HEIGHT OF PIMC AND NOVICES 
 
Table 4.3.2.1 reflects the descriptive statistics of the height of the athletes involved in this 
study separated into PIMC and novices. The mean height for all the participants was 177.14 
(±9.51) cm. 
 
Table 4.3.2.1: Descriptive statistics - Height (cm) of PIMC and novices 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 177.14 9.51 147.30 170.98 178.45 184.13 201.00 
PIMC 43 176.79 9.48 147.30 173.05 178.00 184.20 189.90 
Novices 41 177.52 9.64 156.50 169.60 179.60 184.00 201.00 
 
No significant difference was found between the two categories of experience in terms of 
mean height (t (82) = -0.349, p = .728). 
 
4.3.3 BODY WEIGHT OF PIMC AND NOVICES 
  
4.3.3.1  Body weight before the competition for PIMC and novices 
 
Table 4.3.3.1.1 reflects the descriptive statistics of the weight of the athletes involved in this 
study before the competition and are divided into PIMC and novices. The mean weight for all 
the participants before the Iron Man event was 77.39 (±12.42) kg.  
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Table 4.3.3.1.1: Descriptive statistics - Weight before the competition (kg) for PIMC and 
novices 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 77.39 12.42 51.65 66.64 79.03 85.63 101.85 
PIMC 43 77.52 12.92 51.65 67.68 80.45 86.83 101.85 
Novices 41 77.26 12.03 55.55 66.45 77.65 85.50 99.05 
 
No significant difference was found between the PIMC and novices in terms of mean weight 
before the competition (t (82) = 0.10, p = .923). 
 
Table 4.3.3.1.2 indicates the frequency distribution for mass before the competition in 
quartiles for PIMC and novices.  
 
Table 4.3.3.1.2: Frequency Distribution according to Quartiles 1 and 3 - Weight before 
the competition (kg) for PIMC and novices 
Iron 
Man 
≤ Q1(66.64) Q1 - Q3 ≥Q3 (85.63) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 10 (23%) 22 (51%) 11 (26%) 43 (100%) 
Novices 11 (27%) 20 (49%) 10 (24%) 41 (100%) 
 
Quartile distribution of table 4.3.3.1.2 indicated that PIMC were largely represented in the 
middle quartile with weights between 66.64kg and 85.63kg. Novices were dominant in the 
same quartiles. 
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Figure 4.10:  Frequency distribution according to Quartiles (Overall) - Weight before 
the competition (kg) for PIMC and novices 
 
It is evident from Figure 4.10 that the weight of novices and PIMC were dominantly placed 
in the second to third quartiles. The figure had a bell shaped distribution for all groups. 
 
4.3.3.2  Body weight after the competition for PIMC and novices 
 
Table 4.3.3.2.1 reflects the descriptive statistics of the weight after the competition of the 
athletes involved in this study divided into PIMC and novices. The mean weight for all the 
participants after the competition was 75.40 (±11.94) kg.  
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Table 4.3.3.2.1: Descriptive statistics - Weight after the competition (kg) for PIMC and 
novices 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 75.40 11.94 50.90 65.33 77.50 83.58 99.15 
PIMC 43 75.49 12.47 50.90 65.60 78.30 84.55 99.15 
Novices 41 75.31 11.50 54.65 65.10 76.90 83.15 96.05 
 
No significant difference was found between the experience groups in terms of mean weight 
after the competition (t (82) = 0.07, p = .947). 
 
Table 4.3.3.2.2 indicates the frequency distribution for weight after the competition in 
quartiles for PIMC and novices. 
 
Table 4.3.3.2.2: Frequency Distribution according to Quartiles 1 and 3 - Weight after 
the competition (kg) for PIMC and novices 
Iron 
Man 
≤ Q1(65.33) Q1 - Q3 ≥Q3 (83.58) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 10 (23%) 22 (51%) 11 (26%) 43 (100%) 
Novices 11 (27%) 20 (49%) 10 (24%) 41 (100%) 
 
Quartile distribution as depicted in Table 4.3.3.2.2 showed that previous Iron Men were 
largely represented in the inter-quartile with weights between 65.33kg and 83.58kg. Novices 
were dominant in the same interval. 
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Figure 4.11:  Frequency distribution according to Quartiles (Overall) - Weight after the 
competition (kg) for PIMC and novices 
 
In Figure 4.11 it is evident that novices and PIMC fell dominantly in the second to third 
quartiles as also illustrated in weight before the competition (Figure 4.10). The figure had a 
bell shape for all groups. 
 
4.3.4  BODY MASS INDEX (BMI) FOR PIMC AND NOVICES 
 
4.3.4.1  BMI before the competition for PIMC and novices 
 
Table 4.3.4.1 reflects the descriptive statistics of the BMI before the competition of the 
athletes involved in this study divided into PIMC and novices. The mean BMI for all the 
participants was 24.54 (±2.55) kg.m
-2 
. 
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Table 4.3.4.1: Descriptive statistics - BMI (kg.m
-2
) before the competition for PIMC and 
novices 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 24.54 2.55 19.22 22.48 24.51 26.36 31.44 
PIMC 43 24.67 2.80 19.22 22.91 24.57 26.40 31.44 
Novices 41 24.40 2.30 20.30 22.39 24.45 26.10 28.83 
 
No significant difference was found between the experience category groups in terms of 
mean BMI before the competition (t (82) = 0.49, p = .622). 
 
4.3.4.2  BMI after the competition for PIMC and novices 
 
Table 4.3.4.2 reflects the descriptive statistics of the BMI after the competition for the 
athletes involved in this study and is divided into PIMC and novices. The mean BMI for all 
the participants was 23.92 (±2.48) kg.m
-2
 after the competition.  
 
Table 4.3.4.2: Descriptive statistics - BMI (kg.m
-2
) after the competition for PIMC and 
novices 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 23.92 2.48 18.43 21.95 24.13 25.43 30.60 
PIMC 43 24.03 2.71 18.43 22.21 24.22 25.75 30.60 
Novices 41 23.79 2.24 19.69 21.88 24.04 25.28 28.09 
 
No statistical difference was found between the two experience groups in term of mean BMI 
after the competition (t (82) = 0.44, p = .663). 
 
4.3.5  FOOT INJURIES 
 
Table 4.3.5 reflects the descriptive statistics of the previous injuries of the athletes involved 
in this study divided into PIMC and novices.  
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Table 4.3.5: Descriptive Statistics- Previous injuries that may affect plantar forces for 
PIMC and novices 
  PIMC  (n=43) Novice  (n=41) 
Stress Fracture 2 5% 1 2% 
Plantar Fasciitis 7 16% 3 7% 
Bunions 0 0% 2 5% 
Tarsal Tunnel 0 0% 1 2% 
 
Of the participants who completed an Iron Man event before, two previously had a stress 
fracture while only one novice individual reported a stress fracture more than six months 
before the event. Plantar fasciitis was reported by seven PIMC and three novices. Two novice 
participants reported bunion deformities that were asymptomatic and one novice participant 
previously experienced tarsal tunnel syndrome. The sample size was too small to conduct 
inferential tests. 
 
4.3.6  SUM OF PLANTAR FORCES FOR PIMC AND NOVICES 
 
4.3.6.1  Sum of plantar forces before the competition for PIMC and novices 
 
4.3.6.1.1 Sum of plantar forces before the competition of the left foot for PIMC and novices 
 
Table 4.3.6.1.1 reflects the descriptive statistics of the sum of plantar forces of the left foot 
for athletes involved in this study before the competition and are divided into PIMC and 
novices. The mean sum of plantar forces for the left foot of all participants before the 
competition was 268.44 (±80.12) N.  
 
Table 4.3.6.1.1: Descriptive statistics – Sum of plantar forces for the left foot before the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 268.44 80.12 64.84 221.42 274.27 318.29 490.19 
PIMC 43 265.37 66.06 123.89 209.97 276.33 318.52 417.53 
Novices 41 271.65 93.36 64.84 228.17 266.12 316.68 490.19 
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There was no significant difference between the PIMC and novices in terms of sum of mean 
plantar forces of the left foot before the competition (t (82) = -0.36, p = .722). 
 
 
Figure 4.12: Box-and-whiskers plots – Sum of plantar forces before the competition for 
the left foot for PIMC and novices 
 
Figure 4.12 indicates box-and-whisker plots for the sum of plantar forces of the left foot 
before the competition. Although PIMC‟s had a lower sum of forces as depicted in Figure 
4.12 than novices, the difference was not of any statistical significance. 
 
4.3.6.1.2 Sum of plantar forces before the competition of the right foot for PIMC and novices 
 
Table 4.3.6.1.2 reflects the descriptive statistics of the sum of plantar forces before the 
competition of the right foot for athletes involved in this study divided into PIMC and 
novices. The mean sum of plantar forces for the right foot for all participants was 424.98 
(±36.24) N before the competition.  
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Table 4.3.6.1.2: Descriptive statistics – Sum of plantar forces for the right foot before 
the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 424.98 136.24 84.53 336.47 441.09 507.54 741.17 
PIMC 43 426.74 118.71 181.92 322.69 443.36 510.73 718.50 
Novices 41 423.13 153.98 84.53 344.33 435.14 486.87 741.17 
 
No significant difference was found between the two experience category groups in term of 
sum of mean plantar forces of the right foot before the competition (t (82) = 0.12, p = .904). 
 
Figure 4.13: Box-and-whiskers plots – Sum of plantar forces before the competition for 
the right foot for PIMC and novices 
 
Figure 4.13 shows the box-and-whisker plots for the sum of plantar forces of the right foot 
before the competition. Figure 4.13 reflects similar shapes to the plantar forces of the left foot 
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(figure 4.12) although Figure 4.13 illustrates that the right foot presented higher plantar 
forces overall when compared to the left foot. 
 
4.3.6.1.3 Sum of plantar forces before the competition for the left and right foot combined for 
PIMC and novices 
 
Table 4.3.6.1.3 reflects the descriptive statistics of the plantar forces of the left and right foot 
combined for athletes involved in this study divided into PIMC and those novices from 
before the competition. The mean sum of plantar forces for the left and right foot for all the 
participants combined was 693.42 (±210.13) N prior to the competition.  
 
Table 4.3.6.1.3: Descriptive statistics – Sum of plantar forces for the left and right foot 
combined before the competition for PIMC and novices (N)  
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 693.42 210.13 149.36 550.77 715.33 831.95 1231.37 
PIMC 43 692.12 178.12 314.32 536.67 740.36 827.08 1018.89 
Novices 41 694.79 241.46 149.36 561.05 703.00 830.99 1231.37 
 
No significant difference was found between the two groups in terms of the combined plantar 
forces of the left and right foot before the competition (t (82) = -0.06, p = .954). 
 
4.3.6.2  Sum of plantar forces after the competition for PIMC and novices 
 
4.3.6.2.1 Sum of plantar forces after the competition for the left foot for PIMC and novices 
 
Table 4.3.6.2.1 reflects the descriptive statistics of the plantar forces for the left foot for 
PIMC and novices after the competition. The mean sum of plantar forces for the left foot for 
all participants was 241.06 (±55.11) N after the competition.  
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Table 4.3.6.2.1: Descriptive statistics – Sum of plantar forces for the left foot after the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 241.06 55.11 133.43 205.65 238.29 283.39 372.40 
PIMC 43 247.67 52.52 143.28 216.30 236.31 286.16 372.40 
Novices 41 234.13 57.53 133.43 183.40 240.85 272.33 361.38 
 
No significant difference was found between the two experience category groups in terms of 
the sum of plantar forces for the left foot after the competition (t (82) = 1.13, p = .263). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14: Box-and-whiskers plots – Sum of plantar forces after the competition for 
the left foot for PIMC and novices 
 
Figure 4.14 illustrates the mean sum of plantar forces for the left foot after the competition. 
PIMC displayed a higher mean score than the novices although the difference was not found 
to be of any statistical significance. 
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4.3.6.2.2 Sum of plantar forces after the competition for the right foot for PIMC and novices 
 
Table 4.3.6.2.2 reflects the descriptive statistics of the plantar forces after the competition for 
the right foot with respect to PIMC and novices. The mean sum of plantar forces for the right 
foot was 381.16 (±83.77) N for all participants after the competition.  
 
Table 4.3.6.2.2: Descriptive statistics – Sum of plantar forces for the right foot after the 
competition for PIMC and novices (N)  
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 381.16 83.77 187.00 324.86 389.36 437.86 559.75 
PIMC 43 377.23 85.90 187.00 315.21 382.92 428.67 555.52 
Novices 41 385.28 82.33 205.29 332.29 393.92 439.02 559.75 
 
No significant difference was found between the two experience groups in term of sum of 
plantar forces for the right foot after the competition (t (82) = -0.44, p = .662). 
 
 
Figure 4.15: Box-and-whiskers plots – Sum of plantar forces after the competition for 
the right foot for PIMC and novices 
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Figure 4.15 illustrates the mean sum of plantar forces for the right foot after the competition. 
The PIMC and novices had similar plantar forces under there right feet after the competition. 
 
4.3.6.2.3 Sum of plantar forces for the left and right foot combined for PIMC and novices 
after the competition  
 
Table 4.3.6.2.3 reflects the descriptive statistics of the plantar forces for the left and right foot 
combined for PIMC and novices after the competition. The mean sum of plantar forces for 
the left and right foot combined for all participants was 622.22 (±126.45) N.  
 
Table 4.3.6.2.3: Descriptive statistics – Sum of plantar forces for the left and right foot 
combined after the competition for PIMC and novices (N)  
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 622.22 126.45 362.77 532.10 621.61 713.64 927.92 
PIMC 43 624.90 126.06 362.77 530.52 629.08 706.68 927.92 
Novices 41 619.41 128.37 364.75 534.21 598.39 717.86 921.13 
 
No significant difference was found between the two experience category groups in terms of 
combined, left and right, plantar forces after the competition (t (82) = 0.20, p = .844). 
 
4.3.7   SUM OF PLANTAR FORCES FOR THE FOREFOOT, HEEL AND HALLUX 
FOR PIMC AND NOVICES 
 
When further subdividing the foot into three sections for plantar forces, namely the forefoot, 
heel and hallux, analysis can be done to find out if there are any changes that occur at these 
individual areas. These sections were added to the appendices (see appendix F). Plantar force 
changes at the different areas of the foot is of interest to the athletes, as analysis can indicate 
if PIMC had different magnitudes of plantar force within the individual areas than novices. 
As these areas were not included in the main aims and objectives of this study, but reviewed 
for interest, more detail can be obtained in the relevant appendix.  
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4.3.8  DIFFERENCE BETWEEN THE PLANTAR FORCES OF THE LEFT AND 
RIGHT FOOT FOR PIMC AND NOVICES 
 
4.3.8.1 Difference between the plantar forces of the left and right foot for PIMC and 
novices before the competition 
 
4.3.8.1.1 Difference between the plantar forces of the left and right forefoot for PIMC and 
novices before the competition 
 
Table 4.3.8.1.1 reflects the descriptive statistics of the difference between left and right foot 
plantar forces for the forefoot for PIMC and novices before the competition. The mean 
plantar force difference between the left and right forefoot of all participants before the 
competition was -94.94 (±41.24) N. 
  
Table 4.3.8.1.1: Descriptive statistics – Difference between the plantar forces of the left 
and right forefoot before the competition for PIMC and novices (N)  
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -94.94 41.24 -186.42 -127.26 -87.44 -67.25 -2.30 
PIMC 43 -96.26 34.11 -181.32 -119.57 -91.56 -71.36 -23.10 
Novices 41 -93.55 47.98 -186.42 -131.98 -85.04 -64.48 -2.30 
 
No significant difference was recorded between the two experience category in terms of the 
difference between left and right plantar force of the forefoot before the competition (t (82) = 
-0.30, p = .765). 
 
4.3.8.1.2 Difference between the plantar forces of the left and right heel for PIMC and 
novices before the competition 
 
Table 4.3.8.1.2 reflects the descriptive statistics for the differences between left and right heel 
for PIMC and novices before the competition. The overall difference between the left and 
right heel was -234.24 (±131.91) N before the competition reflecting the dominance of the 
right heel.  
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Table 4.3.8.1.2: Descriptive statistics – Difference between the plantar forces of the left 
and right heel before the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -234.24 131.91 -767.40 -296.09 -209.68 -147.58 -34.65 
PIMC 43 -242.85 128.39 -711.25 -308.55 -209.95 -147.95 -35.30 
Novices 41 -225.21 136.51 -767.40 -272.50 -206.25 -147.20 -34.65 
 
No significant difference was found between the two experience categories in terms of the 
difference between left and right plantar force of the heel before the competition (t (82) = -
0.61, p = .543). 
 
4.3.8.1.3 Difference between the plantar force of the left and right hallux for PIMC and 
novices before the competition 
 
Table 4.3.8.1.3 reflects the descriptive statistics for the difference between plantar forces of 
the left and right hallux before the competition dividing the sample group into PIMC and 
novices. The mean difference for plantar forces for the hallux for all participants before the 
competition was -84.14 N (±91.07) N reflecting dominance of the right hallux.  
 
Table 4.3.8.1.3: Descriptive statistics – Difference between the plantar forces of the left 
and right hallux before the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -84.14 91.07 -398.50 -124.93 -79.05 -33.73 142.40 
PIMC 43 -87.69 94.66 -398.50 -127.30 -80.80 -34.30 142.40 
Novices 41 -80.41 88.16 -391.60 -120.20 -77.30 -34.60 81.70 
 
No significant difference was found between the two experience category in terms of 
difference between left and right plantar force of the hallux before the competition (t (82) = -
0.36, p = .716). 
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4.3.8.1.4 Difference between the plantar forces of the entire left and right foot for PIMC and 
novices before the competition 
 
Table 4.3.8.1.4 reflects the descriptive statistics for the difference between plantar forces of 
the entire left and right foot before the competition. The overall difference between the left 
and right foot before the competition was -156.54 (±76.19) N thus reflecting dominance of 
the right foot.  
 
Table 4.3.8.1.4: Descriptive statistics – Difference between the plantar forces of the 
entire left and right foot before the competition for PIMC and novices (N)  
Iron  Man n Mean SD Min Q1 Median Q3 Max 
All 84 -156.54 76.19 -468.38 -185.80 -147.63 -105.36 -19.69 
PIMC 43 -161.37 72.00 -441.51 -196.90 -151.23 -106.54 -49.52 
Novices 41 -151.48 80.92 -468.38 -177.45 -142.32 -105.76 -19.69 
 
No significant difference was found between the two experience categories in terms of 
difference between left and right plantar force of the entire foot before the competition (t (82) 
= -0.59, p = .555). 
 
4.3.8.2 Difference between the plantar forces of the left and right foot for PIMC and 
novices after the competition 
 
4.3.8.2.1 Difference between the plantar forces of the left and right forefoot for PIMC and 
novices after the competition 
 
Table 4.3.8.2.1 reflects the descriptive statistics for the difference between plantar forces of 
the left and right forefoot after the competition. The mean difference for plantar forces of the 
left and right forefoot for all participants was -97.67 (±55.90) N indicating dominance of the 
right forefoot after the competition.  
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Table 4.3.8.2.1: Descriptive statistics – Difference between the plantar forces of the left 
and right forefoot after the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -97.67 55.90 -271.34 -128.62 -96.73 -69.66 159.34 
PIMC 43 -83.99 55.81 -180.04 -120.28 -96.30 -62.88 159.34 
Novices 41 -112.02 52.93 -271.34 -144.28 -97.38 -73.86 -25.22 
 
A moderate significant difference was found between the two experience categories in terms 
of difference between left and right plantar force of the forefoot after the competition (t (82) 
= 2.36, p = .021, d = 0.52).  
 
4.3.8.2.2 Difference between the plantar forces of the left and right heel for PIMC and 
novices after the competition 
 
Table 4.3.8.2.2 reflects the descriptive statistics for the difference between left and right heel 
plantar forces after the competition. The overall difference between the left and right heel, 
after the competition was -206.22 (±102.38), signifying the dominance of the right heel.  
 
Table 4.3.8.2.2: Descriptive statistics – Difference between the plantar forces of the left 
and right heel after the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -206.22 102.38 -417.40 -281.33 -201.88 -142.55 165.20 
PIMC 43 -196.44 107.25 -350.70 -281.50 -201.35 -131.15 165.20 
Novices 41 -216.48 97.26 -417.40 -277.70 -202.40 -153.45 -28.90 
 
No significant difference was found between the experience categories in terms of difference 
between left and right plantar forces of the heel after the competition (t (82) = 0.90, p = .373). 
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4.3.8.2.3 Difference between the plantar forces of the left and right hallux for PIMC and 
novices after the competition  
 
Table 4.3.8.2.3 reflects the descriptive statistics of the difference between left and right 
hallux after the competition for PIMC and novices. The mean plantar force difference for the 
hallux of the entire sample group was -33.48 (±58.45) N, reflecting dominance of the right 
hallux.  
 
Table 4.3.8.2.3: Descriptive statistics – Difference between the plantar forces of the left 
and right hallux after the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -33.48 58.45 -170.30 -69.83 -25.60 0.05 106.50 
PIMC 43 -33.67 59.45 -170.30 -70.55 -21.10 0.80 58.30 
Novices 41 -33.28 58.11 -156.10 -67.60 -45.00 -2.10 106.50 
 
No significant difference was found between the two experience categories in terms of 
difference between left and right plantar forces of the hallux after the competition (t (82) = -
0.03, p = .976). 
 
4.3.8.2.4 Difference between the plantar forces of the entire left and right foot for PIMC and 
novices after the competition 
 
Table 4.3.8.2.4 reflects the descriptive statistics of the difference between left and right foot 
plantar forces after the competition. The mean difference of plantar forces for the sample 
group was -140.10 (±64.17), reflecting dominance of the right foot, after the competition.  
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Table 4.3.8.2.4: Descriptive statistics – Difference between the plantar forces of the left 
and right foot after the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -140.10 64.17 -305.95 -182.68 -134.18 -102.55 148.42 
PIMC 43 -129.56 66.20 -216.86 -183.17 -127.12 -99.77 148.42 
Novices 41 -151.16 60.82 -305.95 -180.72 -147.56 -109.42 -45.83 
 
No significant difference was found between the two experience categories in terms of 
difference between left and right plantar force of the entire foot after the competition (t (82) = 
1.56, p = .124). 
 
4.3.9  DIFFERENCE BETWEEN THE PLANTAR FORCES AFTER AND BEFORE 
THE COMPETITION (POST – PRE COMPETITION PLANTAR FORCES) 
 
4.3.9.1  Left foot 
 
4.3.9.1.1 Difference between the plantar forces after and before the competition for the left 
forefoot for PIMC and novices  
 
Table 4.3.9.1.1 reflects the descriptive statistics of the difference between plantar forces after 
and before the competition for the left forefoot for PIMC and novices. The mean difference 
of plantar force for the forefoot of all the participants was -20.90 (±65.94) N. The left 
forefoot plantar forces were therefore 20.90 N smaller after the competition than before the 
competition.  
 
Table 4.3.9.1.1: Descriptive statistics – Difference between plantar forces after and 
before the competition for the left forefoot for PIMC and novices (N)  
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -20.90 65.94 -222.36 -56.73 -19.43 3.24 144.68 
PIMC 43 -10.74 62.19 -164.30 -44.82 -11.48 10.52 133.20 
Novice 41 -31.56 68.81 -222.36 -58.06 -25.10 -3.54 144.68 
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No significant difference was found between the two experience categories in terms of the 
difference between plantar forces for the left forefoot after and before the competition (t (82) 
= 1.46, p = .149). 
 
4.3.9.1.2 Difference between the plantar forces for the left heel for PIMC and novices after 
and before the competition 
 
Table 4.3.9.1.2 reflects the descriptive statistics of the difference between plantar forces for 
the left heel after and before the competition. The mean difference of plantar force for the left 
heel of the total sample group was -26.22 (±115.46) N thus reflecting smaller forces of the 
heel after the competition.  
 
Table 4.3.9.1.2: Descriptive statistics – Difference between plantar forces after and 
before the competition for the left heel for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -26.22 115.46 -361.45 -89.88 -30.58 28.10 291.55 
PIMC 43 -14.98 106.77 -218.75 -80.85 -29.10 25.83 244.05 
Novices 41 -38.01 124.14 -361.45 -108.50 -43.50 28.00 291.55 
 
No significant difference was found between the experience categories in terms of difference 
between plantar forces for the left heel after and before the competition (t (82) = 0.91, p = 
.364). 
 
4.3.9.1.3 Difference between the plantar forces after and before the competition for the left 
hallux for PIMC and novices  
 
Table 4.3.9.1.3 reflects the descriptive statistics of the difference between plantar forces for 
the left hallux for PIMC and novices after and before the competition. The mean difference of 
plantar force for the left hallux was -61.76 (±62.29) N.  
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Table 4.3.9.1.3: Descriptive statistics – Difference between plantar forces after and 
before the competition for the left hallux for PIMC and novices (N)  
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -61.76 62.29 -239.70 -112.20 -61.75 -21.78 137.90 
PIMC 43 -61.29 62.49 -239.70 -108.80 -56.90 -17.40 79.80 
Novices 41 -62.24 62.85 -181.30 -116.40 -66.60 -24.50 137.90 
 
No significant difference was found between the two categories‟ levels of experience in terms 
of the difference between plantar forces after and before the competition for the left hallux (t 
(82) = 0.07, p = .945). 
 
4.3.9.1.4 Difference between the plantar forces for the entire left foot for PIMC and novices 
after and before the competition 
 
Table 4.3.9.1.4 reflects the descriptive statistics of the difference between plantar forces for 
the left foot of PIMC and novices after and before the competition. The mean difference of 
plantar force for the entire left foot of all the participants was -27.38 (±78.42) N. 
 
Table 4.3.9.1.4: Descriptive statistics – Difference between plantar forces after and 
before the competition for the entire left foot for PIMC and novices (N)  
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -27.38 78.42 -228.85 -63.79 -35.51 5.86 193.26 
PIMC 43 -17.70 70.33 -132.58 -58.31 -28.48 5.48 168.69 
Novices 41 -37.53 85.80 -228.85 -87.57 -43.17 5.72 193.26 
 
No significant difference was found between the two experience categories in terms of 
difference between plantar forces for the left foot after and before the competition (t (82) = 
1.16, p = .249). 
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4.3.9.2  Right foot 
 
4.3.9.2.1 Difference between the plantar forces for the right forefoot for PIMC and novices 
after and before the competition 
 
Table 4.3.9.2.1 reflects the descriptive statistics of the difference between plantar forces for 
the right forefoot after and before the competition. The mean difference of plantar forces for 
the right forefoot of all participants was -18.17 (±79.25) N. The right forefoot therefore on 
average displayed an 18.17 N smaller plantar force after the competition. 
 
Table 4.3.9.2.1: Descriptive statistics – Difference between plantar forces after and 
before the competition for the right forefoot for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -18.17 79.25 -168.68 -61.25 -27.05 4.82 208.82 
PIMC 43 -23.01 83.14 -168.68 -63.07 -33.28 4.78 208.82 
Novices 41 -13.08 75.66 -153.40 -51.28 -20.46 4.72 197.62 
 
No significant difference was found between the experience categories in terms of difference 
between plantar forces for the right forefoot before or after the competition (t (82) = -0.57, p 
= .569). 
 
4.3.9.2.2 Difference between the plantar forces after and before the competition for the right 
heel for PIMC and novices 
 
Table 4.3.9.2.2 reflects the descriptive statistics of the difference between plantar forces for 
the right heel for PIMC and novices after and before the competition. The mean difference 
for plantar forces for the right heel was -54.24 (±185.11) N thus reflecting smaller forces of 
the right heel after the competition. 
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Table 4.3.9.2.2: Descriptive statistics – Difference between plantar forces after and 
before the competition for the right heel for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -54.24 185.11 -519.40 -160.63 -51.60 26.75 409.05 
PIMC 43 -61.39 205.01 -469.45 -187.70 -55.25 18.40 409.05 
Novices 41 -46.73 163.88 -519.40 -131.05 -31.15 26.30 384.60 
 
No significant difference was found between the two experience categories in terms of 
difference between plantar forces for the right heel after and before the competition (t (82) = -
0.36, p = .719). 
 
4.3.9.2.3 Difference between the plantar forces after and before the competition for the right 
hallux 
 
Table 4.3.9.2.3 reflects the descriptive statistics of the difference between plantar forces of 
the right hallux for athletes involved in this study after and before the competition and are 
further divided into participants who completed an Iron Man event and those who are 
novices. The mean plantar force difference for the right hallux between after and before 
competition was -112.41 a SD of 103.86.  
 
Table 4.3.9.2.3: Descriptive statistics – Difference between plantar forces after and 
before the competition for the right hallux for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -112.41 103.86 -553.70 -174.95 -106.20 -35.93 61.10 
PIMC 43 -115.31 98.88 -394.20 -175.50 -118.30 -32.50 61.10 
Novices 41 -109.37 109.99 -553.70 -156.10 -90.30 -36.60 29.50 
 
No significant difference was found between the two experience categories in terms of 
difference between plantar forces after and before the competition for the right hallux (t (82) 
= -0.26, p = .795). 
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4.3.9.2.4 Difference between the plantar forces after and before the competition for the entire 
right foot for PIMC and novices 
 
Table 4.3.9.2.4 reflects the descriptive statistics of the difference between plantar forces after 
and before the competition for the right foot for PIMC and novices. The mean difference of 
plantar forces after and before the competition for the right foot of all participants was -43.82 
(±115.51) N. The right foot planter forces were therefore on average 43.82 N smaller after the 
competition. 
 
Table 4.3.9.2.4: Descriptive statistics – Difference between plantar forces after and 
before the competition for the entire right foot for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -43.82 115.51 -313.63 -104.86 -45.22 2.56 259.03 
PIMC 43 -49.51 124.39 -303.41 -116.57 -56.46 -1.77 258.94 
Novices 41 -37.85 106.61 -313.63 -96.71 -41.22 3.41 259.03 
 
No significant difference was recorded between the two experience categories in terms of 
difference between plantar forces after and before the competition for the right foot (t (82) = -
0.46, p = .646). 
 
4.3.10  AVERAGE DIFFERENCES BETWEEN PLANTAR FORCES AFTER AND 
BEFORE THE COMPETITION FOR BOTH FEET COMBINED FOR PIMC 
AND NOVICES 
 
4.3.10.1 Average difference between the plantar forces after and before the competition 
for both the left and right forefoot combined for PIMC and novices 
 
Table 4.3.10.1 reflects the descriptive statistics of the average difference of the left and right 
foot combined, between plantar forces after and before the competition for the forefoot of 
PIMC and novices. A mean difference of -39.07 (±133.70) N was found indicating that the 
forefoot applied an average of 39.07 N less force after than before the competition.  
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Table 4.3.10.1: Descriptive statistics – Average difference between the plantar forces 
after and before the competition for the left and right forefoot combined of PIMC and 
novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -39.07 133.70 -338.06 -115.27 -55.42 -2.14 342.30 
PIMC 43 -33.75 135.01 -332.98 -112.81 -63.28 16.30 342.02 
Novices 41 -44.64 133.77 -338.06 -115.14 -53.18 -4.76 342.30 
 
There was no significant difference found between the two categories of experience levels in 
terms of difference between plantar forces after and before the competition for the left and 
right forefoot combined (t (82) = 0.37, p = .712). 
 
4.3.10.2 Average difference between the plantar forces after and before the competition 
for both the left and right heel of PIMC and novices 
 
Table 4.3.10.2 reflects the descriptive statistics of the average difference between plantar 
forces of the left and right heel after and before the competition. A mean plantar force of -
80.46 (±278.03) N was found indicating that the heel applied an average of 80.46 less force 
after than before the competition.  
 
Table 4.3.10.2: Descriptive statistics – Average difference between the plantar forces 
after and before the competition for the left and right heel combined of PIMC and 
novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -80.46 278.03 -726.10 -242.49 -102.08 29.81 676.15 
PIMC 43 -76.37 293.76 -574.15 -243.28 -111.95 13.60 632.50 
Novices 41 -84.74 264.09 -726.10 -234.85 -94.60 38.60 676.15 
 
No significant difference was found between the two experience categories in terms of 
difference between plantar forces after and before the competition for the left and right heel 
combined (t (82) = 0.14, p = .891). 
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4.3.10.3 Average difference between the plantar forces after and before the competition 
for both the left and right hallux combined of PIMC and novices 
 
Table 4.3.10.3 reflects the descriptive statistics of the average difference between plantar 
forces after and before the competition for the left and right hallux combined. The relevant 
mean plantar force for the hallux was -174.17 (±146.30) N, indicating smaller forces after 
than before the competition for all participants.  
 
Table 4.3.10.3: Descriptive statistics – Average difference between the plantar forces 
after and before the competition for the left and right hallux combined of PIMC and 
novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -174.17 146.30 -686.40 -245.85 -171.50 -64.68 167.40 
PIMC 43 -176.60 137.09 -515.30 -247.50 -186.30 -67.90 113.90 
Novices 41 -171.62 157.05 -686.40 -238.20 -150.40 -66.20 167.40 
 
No significant difference was found between the two experience categories in terms of 
difference between plantar forces after and before the competition for the left and right hallux 
combined (t (82) =- 0.16, p = .877). 
 
4.3.10.4 Average difference between the plantar force after and before the competition 
for both the left and right foot combined for PIMC and novices 
 
Table 4.3.10.4 reflects the descriptive statistics of the average difference between the plantar 
forces of both feet combined after and before the competition. A mean average difference of -
71.20 (±180.11) N was found indicating that both feet together, on average, applied 71.20 N 
less force after than before the competition.  
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Table 4.3.10.4: Descriptive statistics – Average difference between the plantar forces 
after and before the competition for both the left and right foot combined for PIMC and 
novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 -71.20 180.11 -429.59 -173.38 -90.70 -11.26 452.29 
PIMC 43 -67.22 184.25 -371.41 -169.67 -92.28 -12.63 413.33 
Novices 41 -75.38 177.86 -429.59 -174.74 -89.12 -7.50 452.29 
 
No significant difference was found between the two experience categories in terms of 
difference between plantar forces after and before the competition for the left and right foot 
combined (t (82) = 0.21, p = .837). 
 
4.3.11  THE EFFECT OF TRAINING INTENSITIES ON PLANTAR FORCES FOR 
PIMC AND NOVICES 
 
4.3.11.1  The effect of intensities on plantar force for PIMC and novices 
 
Table 4.3.11.1 reflects the frequency distribution of the intensity of training sessions for 
athletes involved in this study divided into PIMC and novices.  
 
Table 4.3.11.1 Frequency Distribution – Intensity of training sessions 
Iron 
Man 
Low Intermediate Moderate 
Sub-
maximal 
Maximal Total 
All 1 (1.19%) 5 (5.95%) 48 (57.14%) 23 (27.38%) 7 (8.33%) 84 (100%) 
PIMC 0 (0%) 4 (9.30%) 26 (60.46%) 11 (25.58%) 2 (4.65%) 43 (100%) 
Novices 1 (2.43%) 1 (2.44%) 22 (53.66%) 12 (29.26%) 5 (12.20%) 41 (100%) 
 
Table 4.3.11.1 depicts that the majority of participants trained at a moderate intensity. 
Participants‟ intensities were categorized into sections which reflect the following: low 30-
49%, intermediate 50-69%, moderate 70-79%, sub maximal 80-89% and maximal 90-99%.   
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4.3.12  SPECIALIZED TRAINING CATEGORIES FOR PARTICIPANTS DIVIDED 
INTO PIMC AND NOVICES 
 
Participants‟ training habits were recorded to determine if any specialized training would 
influence performance and plantar force. The data obtained for the purpose was categorized 
into the following sections: one session per week, more than one session per week, more than 
two sessions per week and more than three sessions per week. 
 
4.3.12.1  Specialized training categories for running for PIMC and novices 
 
Table 4.3.12.1 reflects the frequency distribution of the average number of specialized 
running sessions per week which the participants were involved in for the six weeks prior to 
the event. The table reflects the latter information for the different categories of participants 
namely all the participants including PIMC‟s and novices.  
 
Table 4.3.12.1 Frequency Distribution - Specialized running training sessions per week 
for PIMC and novices 
Iron Man 1 session p/w 2 session p/w 3 sessions p/w > 3 sessions p/w Total 
All 0 (0%) 24 (28.57%) 13 (15.48%) 47 (55.95%) 84 (100%) 
PIMC 0 (0%) 15 (34.88%) 5 (11.63%) 23 (53.49%) 43 (100%) 
Novices 0 (0%) 9 (21.95%) 8 (19.51%) 24 (58.54%) 41 (100%) 
 
The table indicates that more than 50% of the PIMC (53.49%) and almost 60% of the novices 
(58.54%) did more than three sessions per week of specialized running training within the six 
weeks prior to the competition. 
 
4.3.12.2 Specialized training categories for cycling for PIMC and novices 
 
Table 4.3.12.2 reflects the frequency distribution of the average number of specialized 
cycling sessions per week which the participants were involved in. The table reflects the 
latter information for PIMC‟s and novices. 
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Table 4.3.12.2: Frequency Distribution – Specialized cycling training sessions per week 
for PIMC and novices 
Iron Man 1 session p/w 2 session p/w 3 sessions p/w > 3 sessions p/w Total 
All 0 0.00% 22 26.19% 37 44.05% 25 29.76% 84 100% 
PIMC 0 0.00% 14 32.56% 16 37.21% 13 30.23% 43 100% 
Novices 0 0.00% 8 19.51% 21 51.22% 12 29.27% 41 100% 
 
Table 4.3.12.2 indicates that more than 50% of novices (51.21%) and almost 40% of PIMC 
(37.21%) did at least 3 sessions per week of specialized training for cycling.  
 
4.3.12.3  Specialized training categories for swimming for PIMC and novices 
 
Table 4.3.12.3 reflects the frequency distribution of the average number of specialized 
swimming sessions per week which the participants were involved in for the six weeks prior 
to the competition. The information is divided into separate categories for PIMC and novices.  
 
Table 4.3.12.3: Frequency Distribution -Specialized swimming training sessions peer 
week for PIMC and novices 
Iron 
Man 
1 session p/w 2 session p/w 3 sessions p/w > 3 sessions p/w Total 
All 0 0.00% 23 27.38% 39 46.43% 22 26.19% 84 100% 
PIMC 0 0.00% 13 30.23% 20 46.51% 10 23.26% 43 100% 
Novices 0 0.00% 10 24.39% 19 46.34% 12 29.27% 41 100% 
 
The table indicates that almost 50% of novices (46.34%) and experts (46.51%) did at least 
three sessions per week of specialized swimming training. This indicates similar training 
patterns for swimming in the two levels of experience. 
 
4.3.12.4  Percentages of specialized training sessions per week for PIMC and novices 
 
Table 4.3.12.4 reflects the frequency distribution to indicate the total number of specialized 
training sessions the participants completed during the six weeks prior to the competition.  
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Table 4.3.12.4: Frequency Distribution – Percentage of average specialized training 
sessions per week 
Iron 
Man 
1 session p/w 2 session p/w 3 sessions p/w > 3 sessions p/w Total 
All 0 0.00% 21 25.00% 39 46.43% 24 28.57% 84 100% 
PIMC 0 0.00% 12 27.91% 19 44.19% 12 27.91% 43 100% 
Novices 0 0.00% 9 21.95% 20 48.78% 12 29.27% 41 100% 
 
The table indicates that a larger percentage of novices (48.78%) than experts (44.19%) were 
involved in on average at least three sessions of specialized training for all categories per 
week, although the table depicts similar training habits for the two groups of different 
experience levels.  
 
4.4  COMPARATIVE STATISTICS 
 
4.4.1  THE EFFECT OF GENDER AND IRON MAN EXPERIENCE ON THE 
PLANTAR FORCE OF THE FOREFOOT, HEEL, HALLUX AND TOTAL 
FOOT 
 
Table 4.4.1.1 reflects a summary of descriptive statistics for the different categories of the 
plantar surface for the entire sample group as well as for gender and experience categories. 
 
Table 4.4.1.1: Summary of sum of plantar forces for different categories of the plantar 
surface for the sample group (N) 
CATEGORIES Plantar Force  
Forefoot  Mean 
(SD) 
Heel     Mean 
(SD) 
Hallux   Mean 
(SD) 
Total foot 
Mean (SD) 
ALL 
Before 
456.11 
(±138.87) 
1002.89 
(±323.29) 
368.71 
(±170.59) 
693.42 
(±210.13) 
After 
417.04 
(±91.27) 
922.44 
(±218.11) 
194.54 
(±96.77) 
622.22 
(±126.45) 
Difference 
-39.07 
(±133.70) 
-80.46 
(±278.03) 
-174.17 
(±146.30) 
-71.20 
(±180.11) 
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CATEGORIES Plantar Force  Forefoot Heel Hallux Total foot 
Males 
Before 
490.52 
(±128.28) 
1074.84 
(±316.76) 
383.87 
(±177.97) 
742.80 
(±201.59) 
After 
439.69 
(±85.43) 
976.15 
(±202.44) 
198.46 
(±98.11) 
656.97 
(±112.11) 
Difference 
-50.83 
(±139.24) 
-98.69 
(±291.23) 
-185.41 
(±156.30) 
-85.83 
(±187.07) 
Females 
Before 
329.93 
(±98.85) 
739.07 
(±181.19) 
313.11 
(±129.64) 
512.36 
(±126.58) 
After 
333.99 
(±58.88) 
725.49 
(±152.61) 
180.17 
(±92.93) 
494.78 
(±90.15) 
Difference 
4.07 
(±103.15) 
-13.58 
(±216.99) 
-132.94 
(±93.85) 
-17.57 
(±143.91) 
PIMC 
Before 
447.59 
(±119.09) 
1004.07 
(±277.22) 
388.72 
(±166.47) 
692.12 
(±178.12) 
After 
413.83 
(±94.37) 
927.70 
(±220.94) 
212.11 
(±95.90) 
624.90 
(±126.06) 
Difference 
-33.75 
(±135.01) 
-76.37 
(±293.76) 
-176.60 
(±137.09) 
-67.22 
(±184.25) 
Novices 
Before 
465.05 
(±158.00) 
1001.65 
(±369.01) 
347.72 
(±174.37) 
694.79 
(±241.46) 
After 
420.41 
(±88.94) 
916.92 
(±217.70) 
176.11 
(±95.36) 
619.41 
(±128.37) 
Difference 
-44.64 
(±133.77) 
-84.74 
(±264.09) 
-171.62 
(±157.05) 
-75.38 
(±177.86) 
 
Table 4.4.1.1 summarizes the sum of plantar forces for different areas of the foot as recorded 
before and after the ultra-endurance event as well as the difference between the forces after 
and before the event. The different categories of the plantar surface are displayed as the sum 
of plantar forces for the left and right forefoot, heel, hallux (before and after competition 
statistics for forefoot, heel and hallux are reflected in more detail in appendix E and F) and 
total foot. The table illustrates the magnitude of differences recorded between the gender and 
experience categories, and also highlights the differences between plantar forces after and 
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before the competition. The magnitude of plantar forces is of importance to determine the 
aim of the particular study which is determining differences between plantar forces after and 
before the competition. Males in general had higher plantar forces than females while PIMC 
and novices had similar forces at the plantar surface for different anatomical areas.  
 
Table 4.4.1.2 reflects the results of inferential statistics, multivariate analysis of variance 
(MANOVA), which compared plantar forces before and after the event for the profile 
consisting of forefoot, heel, hallux and total foot values. Comparisons were made between the 
total group‟s data for before and after the endurance event as well as for the gender and 
experience categories. 
 
Table 4.4.1.2: MANOVA Results – Plantar forces profile by Gender and Experience 
 
F D.F. p 
Intercept  
(Before/After difference) 
26.21 3; 78 .000 
Gender 0.93 3; 79 .431 
Experience category 0.14 3; 80 .934 
Gender*Experience category 0.76 3; 81 .521 
 
According to the table 4.4.1.2 results, no significant differences between plantar forces before 
and after the competition were observed for gender and experience groups, nor were the 
interaction between gender and experience significant in this regard, but there was a 
statistical significant difference between forces before and after the competition (p < 0.0005) 
for the total sample group. Table 4.1.1.3 below reflects the analysis of variance (ANOVA) 
results for the different areas of the foot. 
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Table 4.4.1.3: ANOVA results for differences between plantar forces before and after 
the competition for various areas of the foot (N) 
Area of the plantar 
surface 
ANOVA Result Practical Significance 
F p Cohen's d 
Forefoot 2.11 .150 n.a. 
 
  
 Heel 2.55 .114 n.a. 
 
  
 Hallux 67.77 .000 1.19 
 
  
 Total Foot 5.17 .026 0.40 
 
Only the hallux and the total foot indicated significant differences between plantar forces 
before and after the competition (p < 0.05) for the total sample group. The hallux showed a 
significant difference (F = 67.77, p < .0005, d = 1.19) when comparing plantar forces before 
and after the competition reflecting a large practical significance. The total foot also showed 
a significant difference (F = 5.17, p = .026, d = 0.40) when comparing plantar forces before 
and after the competition but did, however, only indicate a small practical significance. No 
significant differences between forces before and after the competition were found for the 
forefoot and heel of the sample group.  
 
4.4.2  RELATIONSHIP BETWEEN AGE AND FOOT PLANTAR FORCE 
DIFFERENCES 
 
To determine if age effects plantar force differences the plantar force differences from before 
and after the competition was related to age of the participants. Pearson‟s product-moment 
correlations were calculated. 
 
Table 4.4.2.1 reflects the results for correlation between plantar force before and after the 
competition and age. Note that correlations for the forefoot and heel were not calculated due 
to the fact that these areas of the foot did not show significant plantar force differences from 
before to after the competition. 
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Table 4.4.2.1: Correlations for the plantar force differences and age 
Area of the plantar surface Correlation p (n=84) 
Hallux -.107 .333 
Total Foot .061 .581 
 
There was no significance correlation between the hallux or the total foot and age. It can 
therefore be concluded that an increase in age does not correspond with larger plantar force 
differences. 
 
4.4.3 CORRELATION FOR THE PLANTAR FORCES OF THE HALLUX AND 
WEIGHT 
 
To determine whether the difference between participant‟s plantar forces before and after the 
competition was related to the difference between their weight before and after the 
competition, Pearson‟s product-moment correlations were calculated.  
Table 4.4.3.1 reflects results for correlation between the plantar forces and weight before and 
after the competition differences. Note that correlations for the forefoot and heel were not 
calculated due to the fact that these areas of the foot did not show significant plantar force 
differences from before to after the competition. 
 
Table 4.4.3.1: Correlations for the plantar force differences and weight differences 
Area of the 
plantar surface 
Correlation p (n=84) Practical significance 
Hallux .358 .001 Moderate (.30 < r < .50) 
Total Foot .297 .006 Small (.10 < r < .30) 
 
Table 4.4.3.1 indicates significant positive correlations between both the hallux and total foot 
differences and weight differences. It can thus be concluded that larger weight differences 
correspond with larger hallux and total foot plantar force differences. These results indicate 
that very weak correlations do exist and further analyses should be done to justify these 
results. As it was not a main objective of the study, further investigation was not 
implemented.  
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The next chapter discusses the results of this study with the aim to draw conclusions 
regarding the findings and limitations of the current study. 
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CHAPTER 5 
DISCUSSION, CONCLUSION, LIMITATIONS AND 
RECOMMENDATIONS 
 
5.1  INTRODUCTION 
 
Extreme sports such as the Iron Man event have become progressively popular over the last 
decade. Due to the popularity of the Iron Man event there has been an increased level of 
interest in the biomechanical aspects thereof since the number of injuries experienced by 
athletes is constantly increasing. Maximum plantar force and peak pressures play an essential 
role in identifying changes in foot biomechanics that may lead to injuries. This study was 
therefore performed to assess foot plantar force changes after competing in an ultra-
endurance event. The information obtained may be useful to medical and sport practitioners 
to assist with injury prevention and the rehabilitation of athletes. 
 
The results obtained from this study were divided into relevant categories to systematically 
group variables. Biographic and anthropometric results are discussed first followed by plantar 
force data of gender categories as well as experience categories. Thereafter results for 
comparative statistics are analysed and discussed followed by a summary and the main 
findings of the study. This chapter also lists certain limitations that were experienced during 
the study and provides recommendations for the conduct of future research studies.  
 
5.2  BIOGRAPHIC, ANTHROPOMETRIC AND INJURY RELATED 
DATA 
 
General biographic information of participants was gathered to assist in determining how 
gender and experience in the Iron Man event affect plantar forces. Comparisons of plantar 
forces before and after the competition for both gender and experience categories were made. 
Data collected for biographic, anthropometric and other related information included age, 
gender, height, weight, BMI and history of injuries. This information also assisted in 
determining if the criteria to participate in the study were met by participants. 
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The age of the sample group ranged between 22 and 76 years (refer to table 4.2.1.1 and 
4.3.1.1). The mean age of participants was 38.08 (±10.58) years. Averages for males and 
females were 38 and 35 years of age respectively. Previous studies for foot pressures found 
that an increase in age was associated with decreased heel plantar pressure and peak plantar 
pressures in the lateral metatarsal heads and midfoot (Morag & Cavanagh, 1999). For the 
current study there was no significant correlation between plantar force (of the hallux and 
total foot differences) and age (Table 4.4.2.1). As age‟s influence on the plantar force was not 
a main objective of the study, the possible relationship was not further investigated. 
 
Nordin and Frankel (2001) discussed differences in gait between younger and older 
individuals. Older men in general have shorter strides, decreased range of hip flexion and 
extension as well as decreased plantar flexion and heel-to-floor angle of the tracking limb. It 
subsequently becomes clear that older individuals have an altered gait pattern. Instructing 
participants with altered gait patterns to walk at speeds they are not comfortable with may 
alter plantar forces and normal biomechanics. Wearing et al. (1999) solves this problem of 
creating an exacerbated gait pattern in older individuals by instructing participants to follow a 
set speed. He suggests that trustworthy data can be obtained by gathering data while 
individuals use their usual gait pattern. This allows data collection of a higher standard as one 
is capturing data by creating a protocol which allows gait to take place in the most natural 
manner possible. The main aim of the study is to analyse the plantar forces participants create 
on a daily basis as they participate in ultra-endurance events, with no internal or external 
factor affecting the gait pattern. No significant differences between young and older 
individuals were eventually recorded for their plantar forces (Table 4.4.2.1). 
 
There were 66 males and 18 females included in the study. There was a significant difference 
between the number of male and female participants. Comparisons between males and 
females therefore need to be considered with caution since the small sample group of females 
may influence statistical findings. 
 
The study found that females in the sample group were significantly shorter and had a lower 
average body weight than their male counterparts (refer to table 4.2.2.1). Both genders 
showed a decrease in body weight after the competition, however, only the females displayed 
a significantly lower body mass index at the competition‟s conclusion (refer to table 4.2.3.1.1 
and 4.2.3.2.1). The latter results, where lower body weights were present after endurance 
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events, agree with findings of previous studies conducted (Morag & Cavanagh, 1999). Iron 
Men and their novice counterparts displayed similar mean body weights before and after the 
event (refer to table 4.3.3.1.1 & 4.3.3.2.1) with no significant difference in height, weight or 
BMI. Perttunen (2002) indicated a weak positive correlation between body mass and peak 
pressures under the foot. Although results reflected that, on average, the participants were 
2kg lighter after the competition, there were no significant changes in body weight from 
before to after the competition. A moderate positive correlation between weight differences 
and plantar force differences were observed.  
 
BMI results for males and females (refer to table 4.2.4.1.1) showed significantly higher BMI 
results for males and although the BMI of males were on average lower than those of females 
at the end of the competition, males still had significantly higher BMI‟s than females (refer to 
table 4.2.4.1.2). Although insignificant, novices displayed a greater change in BMI from 
before to after the competition than the PIMC group (refer to table 4.3.4.2). This may be due 
to factors such as inexperience in remaining hydrated for the duration of an ultra-endurance 
event.  
 
The history of injuries in the foot and lower limb was analysed but no significant influence 
could be found on plantar force changes or differences (refer to table 4.2.5 and 4.3.5). Stress 
fractures, plantar fasciitis, bunions and tarsal tunnel syndrome were the only previous injuries 
reported in very small percentages by the sample group. Bunions were only reported by 
females supporting past studies which found females to be more prone on developing bunions 
than males due to the shoes they wear (Gefen et al. 2002). Injuries are expected to occur with 
increased mileage due to running pattern changes when mileage increases (Cheung & Ng, 
2008).  
 
5.3  PLANTAR FORCE DATA  
 
The following section discusses the findings with regard to plantar force data for the two 
different categorical variables investigated namely gender and Iron Man experience. The 
areas of interest included the summation of plantar forces under the feet, the difference 
between the left and right foot plantar forces for all areas of the foot before and after the 
competition, difference between plantar forces before and after the event for all foot areas as 
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well as the average difference between plantar forces before and after the competition. Each 
category where plantar forces were added or subtracted the left and right foot was 
investigated separately and then the plantar forces were combined for the two feet. Categories 
also refer to plantar forces before and after the competition with the exception of the 
difference between left and right and the difference between plantar force before and after the 
competition for gender as well as experience groups.  
 
5.3.1 SUM OF PLANTAR FORCES 
 
With the summation of plantar forces mean plantar forces of the right feet was higher than for 
the left before and after the ultra-endurance event (refer to table 4.2.6.1.1 – 4.2.6.2.2 & 
4.3.6.1.1 - 4.3.6.2.2). The average forces of the right foot were higher than the average forces 
of the left foot. This agrees with research done by Hart and Gabbard (1997) indicating that 
most individuals favour the right foot for tasks, stabilization and more complex skills. The 
left foot or non-dominant foot is said to be used for postural stabilization but with more 
challenging tasks the right foot (dominant limb) takes preference for stabilization too. Those 
who are left-dominant also takes preference of the right foot when performing complex tasks.  
 
In contrast Manna et al. (2001) found no significant differences in right compared to left feet 
but did report more injuries occurring in the right foot when wearing ill-fitting shoes. 
Females exhibited significantly lower plantar forces in their left and right feet when 
compared to males (refer to table 4.2.6.1.1 and 4.2.6.1.2). Compared to novices, Iron Men 
had lower plantar forces in their left feet and higher plantar forces in their right feet (refer to 
table 4.3.6.1.1 & 4.3.6.1.2), however these differences were not significant. 
 
The sum of right and left foot plantar forces before the competition showed significant gender 
differences with males exhibiting higher forces, once again supporting previous research 
(refer to table. 4.2.6.1.3). It is important to mention the fact that females generally tend to 
have more flexibility and laxity in the ankle and foot (Milner et al. 2006). Plantar force at the 
foot can be absorbed by more lax ligaments and tendons. Limited joint mobility at the 
subtalar joint and the first metatarsophalangeal joint may cause higher plantar pressures and 
plantar forces (Perttunen, 2002). Females‟ lower weight can also play a role to exacerbate the 
smaller plantar forces being applied at heel strike. Due to the fact that the sample group of 
females in this study was relatively small, these findings should be interpreted with caution. 
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After the competition, the sum of plantar forces were significantly higher for the men‟s left, 
right and combined left and right foot plantar forces (refer to table 4.2.6.2.1-4.2.6.2.3) 
compared to the female sum of plantar forces. Plantar forces for both men and women after 
the competition were lower than plantar forces before the competition. Schlee, Milane and 
Roemer (2009) reported no significant changes in plantar force from before to after exercise 
but it was based on short duration events.  
 
Nagel et al. (2006) discussed pressure and plantar force shifts from toes to metatarsal heads 
after marathon running which could explain lower overall plantar forces under the feet. 
Although not significant the PIMC group had higher plantar forces after the competition for 
the left foot and sum of left and right foot when compared to novice plantar forces after the 
competition. This possibly indicates that novices used the right foot for stabilization and 
support, loading more weight to the right foot after the competition. Novices had higher right 
foot forces than the PIMC group after the competition (refer to table. 4.3.6.2.1 - 4.3.6.2.3). 
Although the difference was not significant it is of interest to note that this is in contrast to 
right foot plantar forces before the competition where novices had lower plantar forces. There 
was a shift from before to after the competition which may indicate that novices struggled to 
shift force loading due to inexperience, although this cannot be justified as there was no 
significant difference between novices and the PIMC group. 
 
5.3.2 LEFT-RIGHT FOOT 
 
With comparisons made between the left and right foot, right foot plantar forces were 
subtracted from left foot plantar forces for different areas of the foot. The right foot plantar 
forces were higher in all areas of the foot (refer to table 4.2.8.1.1 – 4.2.8.2.4 and 4.3.8.1.1 – 
4.3.8.2.4). Males had a significantly higher difference in plantar forces than females for the 
after minus before plantar forces for all areas of the foot including the total foot (refer to table 
4.2.8.1.1 – 4.2.8.1.4). The PIMC group had a higher difference in plantar forces than novices, 
indicating a greater difference in plantar force between the left and right areas of the foot 
before the commencement of the competition (refer to table 4.3.8.1.1 – 4.3.8.1.4). After the 
ultra-endurance event significant differences between male and females were recorded as far 
as the difference between left and right forefoot, heel and foot are concerned (refer to table 
4.2.8.2.1 – 4.2.8.2.4). This confirms that the hallux of the females and males had drastic 
adaptions after the event. Differences between the left and right hallux were much smaller 
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and the constant statistical significance that was seen between males and females for the 
forefoot, heel and total foot was eliminated by adaptions in the plantar force loading of the 
hallux (refer to table 4.2.8.1.3 and 4.2.8.2.3). All areas of the feet, except the hallux had 
significant differences between males and females. The plantar forces of the hallux therefore 
adapted in such a way that the significant difference (that was seen in all areas but the hallux) 
between males and females before the competition was no longer a significant difference 
after the competition. This disrupted pattern could be due to severe adaptions at the hallux 
due to the mileage covered in the event. 
 
This finding, of changed hallux forces within the gender groups, supports the findings of 
Nagel et al. (2006) which states that there is an increase in pressure under the forefoot and 
reduced pressures under the toes after long endurance events. The comparison of the 
differences between right and left forefoot for the PIMC group and novices had significant 
differences (refer to table 4.3.8.2.1). Novices had a higher difference in forefoot plantar 
forces which could be due to greater compensation of plantar force loading onto the right 
foot. As discussed previously, individuals tend to favour the right foot for control as well as 
stabilizing functions where complex skills are involved (Rai, Aggarwal & Bahadur, 2006, 
Hart & Gabbard, 1997). The lack of experience could lead to more compensation onto the 
dominant foot with fatigue. Although not significant, novices displayed greater differences 
between the left and right foot after the competition (refer to table 4.3.8.1.1 – 4.3.8.2.4). This 
may be due to inexperience in the magnitude of the ultra-endurance event, but cannot be 
justified as there is no significant difference. 
 
5.3.3 DIFFERENCES BETWEEN PLANTAR FORCES AFTER AND BEFORE THE 
COMPETITION 
 
Comparisons between plantar forces from before and after the event indicated no significant 
statistic differences between males and females for the left and right foot as well as the 
forefoot, heel and hallux areas (refer to table 4.2.9.1.1 – 4.2.9.2.4). Males displayed larger 
differences between the plantar forces of the different areas of the foot prior to the event. It 
can be speculated that males and females had similar biomechanical adjustments influencing 
the plantar force at the plantar surface after the ultra-endurance event, but this cannot be 
justified as there was no significant difference of proof of similar adjustments. The loss of 
efficiency could be a possible reason for the higher plantar forces (Cheung & Ng, 2008). The 
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PIMC group and novices also displayed no significant differences in the left and right areas 
of the foot compared to plantar forces before and after the endurance event (refer to table 
4.3.9.1.1 – 4.3.9.2.4).  
 
Novices displayed larger, but no significant differences between plantar forces for the left 
foot areas before and after the competition (refer to table 4.3.9.1.1 – 4.3.9.1.4). For the right 
foot novices showed smaller differences than those displayed by the PIMC group for the 
forefoot and the heel. This means that novices had higher plantar forces under the hallux and 
the entire right foot after the competition. This could increase the risk of injuries in the right 
foot. The increase in plantar force in the right foot and right hallux may be a compensation to 
control fatigued postural muscles and muscles which controls foot roll-over to ensure gait. 
The right foot and lower leg musculature controlled and dominated movement and the 
increase in fatigue causes a slap movement of the foot resulting in higher plantar forces. 
Although this was not significant, it can be speculated that novices took greater strain during 
the competition resulting in a greater difference between plantar forces after the event. There 
is a clear indication of asymmetry in the novices when comparing right and left feet‟s before 
and after plantar force distribution.  
 
According to Nagel et al. (2006) the shift in peak pressures and in this case plantar forces 
occur due to low aerobic fitness and fatigue of the foot and lower leg muscles. Females and 
novices may have lower aerobic fitness levels, or limited conditioning of the foot and lower 
leg musculature which could account for the findings with regards to the plantar force 
differences.  
 
5.3.4 THE AVERAGE DIFFERENCE BETWEEN PLANTAR FORCES BEFORE 
AND AFTER THE COMPETITION  
 
There were no significant differences between males and females with regards to the average 
difference between the plantar forces before and after the competition. It was noted that 
males had larger differences in all areas of the foot from before to after the competition. This 
could indicate that men had larger plantar forces before the competition or a larger 
modification in plantar forces from before to after the competition (refer to table 4.2.10.1 – 
4.2.10.4). Novices and the PIMC group also displayed no significant differences between 
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average differences between plantar forces before and after the competition (refer to table 
4.3.10.1 – 4.3.10.4).  
 
Novices showed greater differences in all areas of the foot except the hallux. This could 
possibly refer to lower plantar forces in the hallux after the competition. Research proved a 
shift in peak plantar forces away from the toes after endurance exercise (Nagel et al. 2008). 
This finding suggests the possibility that males and novices may have greater modifications 
in plantar force from before to after an ultra-endurance event. There are no significant 
statistic differences and therefore no concrete conclusion, with regards to the risk for injury 
occurrence, can be drawn. 
 
Previous literature suggests there are higher plantar forces under the forefoot and reduced 
plantar forces under the toes after endurance events (Nagel et al. 2006). It is possible that 
novices do not follow the normal or intended peak pressure and plantar force changes due to 
inexperience and a lack of skills participating in extreme endurance events.  
 
This study indicates that inexperienced athletes experience different responses under their 
forefoot after an ultra-endurance event. Novices displayed smaller differences than the PIMC 
group. This could be due to smaller differences between the left and right forefoot and lower 
plantar forces after the competition.  
 
Compensation made during the walking trials could also be a possibility for lower plantar 
forces after the event. Due to increased plantar force under the metatarsal heads, walking 
could be extremely painful and therefore participants adapted foot roll over. Observation of 
their walking style did indicate that normal walking gait was not possible. Participants tended 
to walk with the feet more supination.  
 
5.3.5 TRAINING 
 
The training of the participants showed no significant differences between the groups which 
could influence the plantar forces. All the groups had a similar number of sessions and the 
same level of intensity was followed (refer to table 4.2.11.1 and 4.3.11.1). For specialized 
training there were no significant differences amongst the participants (refer to table 4.2.12.1 
– 4.2.12.4 and 4.3.12.1 – 4.3.12.4).  
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5.3.6 COMPARATIVE STATISTICS  
 
Comparisons for before and after the ultra-endurance event indicated significant differences 
in respect of the hallux and total foot intercept (refer to table 4.4.1.2). Although there was 
only a small practical significance it is clear that the plantar surface force distribution changes 
after an ultra-endurance event. Compensation of foot biomechanics occurs due to overloading 
of the plantar surface during the event. The hallux indicated a large practical significance, 
agreeing with findings of Nagel et al. (2006) that there is a shift of forces away from the toes. 
In this study‟s case the shift is displayed only by the hallux plantar forces as no details for the 
„toes‟ was available. There is an indication that gender and experience does not play a role in 
the changes in plantar force from before to after the ultra-endurance event. The latter finding 
contradicts the result reported by Perttunen (2002) who noted that mobility and increase 
laxity of females plays a role in plantar force changes and differences between males and 
females. A low aerobic fitness or lack of experience in loading the aerobic system and the 
muscles in the lower legs and feet, as indicating factors for plantar force changes (Nagel et al. 
2006) did therefore not influence the participants in this particular study when comparing the 
total sample group. The fact that there were no significant differences found in specialized 
training between the groups, strengthens the latter argument. 
 
5.3.7 RELATIONSHIP BETWEEN AGE AND FOOT PLANTAR FORCE 
DIFFERENCES 
 
Plantar force difference from before to after the competition was correlated with age to 
determine if age influences plantar force changes. No significant correlation was found. For 
this particular study age did not influence plantar force changes. This does not agree with the 
findings of another study that compared age categories and found that an increase in age was 
associated with a decrease in heel plantar pressure (Morag & Cavanagh, 1999). The main aim 
of this study was not to determine any age related effects, and therefore age categories were 
not controlled, focus was rather placed on gender and experience categories to achieve the 
main objectives. 
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5.3.8 CORRELATION FOR THE HALLUX AND WEIGHT 
 
The significant correlation found between the difference (before and after) between weight 
and the difference between plantar force of the hallux before and after the competition 
showed that weight influenced plantar force measurements. Fong et al. (2009) discussed 
increased pressures under the feet of overweight individuals and indicated that higher mass 
result in higher pressures and an increase risk in injury of the lower leg. None of the present 
study‟s participants indicated BMI‟s above 30kg.m-2 implicating that they were not obese. 
Individuals who are obese tend to experience higher forces at the plantar surface due to their 
weight. The findings of the present study are therefore in alignment with previous studies 
indicating that weight can influence plantar force although individuals fall within a healthy 
weight category and were not at risk for obtaining any injuries which could result due to an 
increased weight. Higher BMI‟s would therefore have exacerbated plantar forces in particular 
anatomical regions after endurance exercise. Note that other areas of the plantar surface were 
not discussed as no significant difference from before to after the competition was found and 
it was not a main objective of the study.  
 
5.3.9 CONCLUSION 
 
With this conclusion section the aim is to summarize afore mentioned results and discussions 
to achieve the main aim and objectives of the current study. Males and females had 
significant differences in height and weight. Males also had significantly higher plantar 
forces for the left and right foot when compared to females. Plantar forces for both before and 
after the competition were significantly higher for males. It is clear that males experience 
higher forces under the plantar surface. This could be attributable to the higher weight of 
males. Experience categories indicated no significant differences between the PIMC group 
and novices both in plantar force data and training regime within six months before the 
competition. This information can assist with the interpretation of plantar force measurements 
of ultra-endurance athletes.   
 
Right feet of all participants had significantly higher forces than left feet for both before and 
after the event. Dominance of the right foot as well as postural favoring could be the cause of 
this finding. Differences between plantar forces after and before the competition were not 
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significant for the different gender and experience categories. The total sample group did 
indicate a significant difference between plantar forces after and before the competition. The 
hallux showed the largest practically significant difference for plantar forces from before to 
after the ultra-endurance event, and weight loss and fatigue could be possible contributing 
factors for this finding. Endurance athletes as well as medical professionals can therefore aim 
to prevent injuries to the foot and lower leg by predicting similar outcomes when competing 
in ultra-endurance events and investigating these results for practical solutions.  
 
5.4  FINDINGS OF THE STUDY 
 
The findings of this study according to the postulated hypotheses are: 
 
Hypothesis 1: There are differences between male and female plantar forces with regards to 
all areas of the foot measured such as the forefoot, heel and hallux as well as the entire foot 
and left and right foot differences. 
 
Gender categories had significant statistical and practical differences for all areas of the foot 
as well as left and right foot differences. Males had higher mean plantar forces in most of the 
comparative variables with the exception of differences between before and after the 
competition forces, where males had bigger differences in smaller values. The null 
hypotheses can generally be rejected as there are significant differences between male and 
female plantar forces. Male endurance athletes can possibly expect higher forces at the 
plantar surface. 
 
Hypothesis 2: Generally there are no differences between plantar forces of PIMC and novices 
with the exception of left and right foot differences for the forefoot after the competition. 
 
The experienced group categories indicated statistically and practically significant differences 
between plantar forces for the difference between left and right forefoot plantar forces after 
the competition. Novices had a greater difference between forces after and before the 
competition. In general the alternative hypotheses can be rejected, with the exception of the 
forefoot after the competition, when discussing the plantar force differences between the 
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PIMC group and novices. Novice athletes are therefore not at a greater risk of injury, due to 
higher forces or greater changes in force distribution. 
 
Hypothesis 3: There are differences between plantar forces before and after the ultra-
endurance event with regards to the entire foot and hallux. 
 
The entire foot and hallux reflected significantly lower plantar forces after the competition 
than before the competition. The null hypotheses can be rejected as there is a significant 
difference between plantar forces before and after the competition. Further research is 
required to investigate the practical implication of lower forces after an ultra-endurance 
event. 
 
5.5  LIMITATIONS 
 
The sample group for this study was limited. Although announcements, notifications via e-
mail and telephone, posters and recruitment strategies were implemented at the registration 
venue only 12% of the Iron Man participants volunteered to take part in the study and was 
used as the sample group (84 of 1552 participants). Many participants of the study did not 
meet the inclusion criteria to complete the post-test procedures due to them not completing 
the race, exhaustion, severe foot injuries such as blisters, bleeding of the feet or inability to 
walk over the 2 meter platform due to cramping or severe pain. The low number of females 
competing in the study also limited comparisons between male and female plantar force data 
as several females could not complete the post-test. Limited literature was available on ultra-
endurance events or dynamic plantar force measurements in endurance events that covered 
more than a marathon‟s distance (42km). Research based on the same topic focusing on 
South African events, as far as could be established, is nonexistent. Comparisons to 
magnitudes of forces and force changes could therefore not be made. The RS Footscan® 
program also had certain limitations regarding the analyses of the data such as the lesser toes 
force could not be extracted and manual manipulation of anatomical landmarks are crucial, 
yet subjective and time consuming. 
In summary the following inhibiting factors were experienced during the conduct of the 
study: 
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 Time: There was not sufficient time to notify all participants of the 2010 Iron Man 
competition of the planned study as the entries were already concluded in 2009. Of 
the 1500 athletes, only 84 of those who chose to participate in the study met the 
inclusion criteria. 
 Number of females: Due to the limited number of females included in the sample 
group, the data and findings for comparisons between males and females should be 
interpreted with caution. 
 Research literature: There is limited research available to allow for comparisons of 
different gait systems and/or the RS Footscan® and therefore comparisons in respect 
of plantar forces of normal as well as athletic population groups. 
 
5.6  RECOMMENDATIONS FOR FUTURE STUDIES 
 
Recommendations for future studies with regards to plantar force measurements and research 
would include the following principles to broaden the knowledge and understanding of 
biomechanical analyses of the plantar surface and kinetic chain: 
 
 To compare male and female plantar forces with relevance to physiological 
differences. Investigating physiological differences between males and females to 
determine the exact variables that influence plantar force differences between the two 
gender groups. This information could assist clinicians and athletes with the 
prevention of injuries as well as performance enhancement. 
 To create a „database‟ for comparing different gait analysis systems and equipment 
regarding plantar force distributions. Understanding different measuring systems 
would assist researchers with comparisons of plantar force readings between different 
measuring systems and allow validity and reliability of studies‟ data capturing. 
Concrete evidence to the choice of force and pressure measurements should be 
established. Investigation of gait systems could also shed light on the practical 
implications of force distribution and changes that are experienced. 
 Comparing elite athletes to novices with regards to plantar forces as well as injury 
occurrence and recovery. A longitudinal study with controlled training programs and 
measuring techniques could give insight into injury of the lower extremity occurrence 
in terms of plantar forces in ultra-endurance athletes. 
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APPENDIX A: 
LETTER TO THE PARTICIPANT INFORMING THEM OF THE STUDY 
AND REQUESTING THEIR PARTICIPATION 
 
 
 
• PO Box 77000 • Nelson Mandela Metropolitan University 
• Port Elizabeth • 6031 • South Africa • www.nmmu.ac.za 
 
Faculty of Health Sciences 
Department of Human Movement Science  
Tel: +27 (0)41-504 2497 Fax: +27 (0)41-504 2770 
E-mail:  s206011733@nmmu.ac.za 
 
Dear Participant               February 2010 
 My name is Gwenivere Sims. I am currently registered at the Nelson Mandela Metropolitan University 
(NMMU) for my Master‟s degree and I am conducting research on the foot forces of long distance 
athletes, under the supervision of Professor Rosa Du Randt.  
You are being asked to participate in a research study. We will provide you with the 
necessary information to assist you to understand the study and explain what would be 
expected of you (participant). These guidelines would include the risks, benefits, and your 
rights as a study participant. Please feel free to ask the researcher to clarify anything that is 
not clear to you.  
To participate would require your written consent which will include your signature, date and 
initials to verify that you understand and agree to the conditions. 
You have the right to query concerns regarding the study at any time and immediately report 
any new problems during the study, to the researcher. Telephone numbers of the researcher 
are provided. Please feel free to call these numbers.   
Furthermore, it is important that you are aware of the fact that the study has been approved by 
the Research Ethics Committee (Human) (REC-H) of the university. The REC-H consists of 
a group of independent experts that has the responsibility to ensure that the rights and welfare 
of participants, in research are protected and that studies are conducted in an ethical manner. 
Studies cannot be conducted without REC-H‟s approval. Queries with regard to your rights as 
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a research participant can be directed to REC-H. You can call the Director: Research 
Capacity Development at (041) 504-4536 in this regard. 
If no one could assist you, you may write to: The Chairperson of the Research, Technology 
and Innovation Committee, PO Box 77000, Nelson Mandela Metropolitan University, Port 
Elizabeth, 6031. 
Participation in research is completely voluntary. You are not obliged to take part in any 
research. If you choose not to participate your choice will be respected. 
If you do partake, you have the right to withdraw at any given time, during the study without 
penalty. 
Although your identity will, at all times, remain confidential the results of the research study 
may be presented at scientific conferences or in specialist publications. Your identity 
however will not be revealed in such publications. 
This informed consent statement has been prepared in compliance with current statutory 
guidelines. 
Yours sincerely 
----------------------------------     ----------------------------------- 
Gwenivere Sims       Prof. R. Du Randt 
Researcher       Supervisor 
Tel: 076 045 2773      Tel: (041) 504-2499 
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APPENDIX B: 
LETTER TO THE ORGANISING COMMITTEE INFORMING THEM OF 
THE STUDY AND REQUESTING ASSISTANCE 
 
 
 
• PO Box 77000 • Nelson Mandela Metropolitan University 
• Port Elizabeth • 6031 • South Africa •www.nmmu.ac.za 
 
 
Faculty of Health Sciences 
Department of Human Movement Science  
Tel: +27 (0)41-504 2497 Fax: +27 (0)41-504-2770 
E-mail:  s206011733@nmmu.ac.za 
 
Dear Mr. Paul Wolfe 
My name is Gwenivere Sims. I am currently registered at the Nelson Mandela Metropolitan 
University (NMMU) for my Master‟s degree and I am conducting research on the foot forces of long 
distance athletes, under the supervision of Professor Rosa Du Randt.  
In order to achieve the aim of the research, I would like to invite the competitors of Iron Man to 
participate in this research study. Before approaching the athletes individually, I would appreciate 
your permission to conduct the research at your event. 
Aim of the Research 
Using the RS Footscan® I aim to compare before and after results of foot forces when competing in 
endurance events. From these results I hope to discuss possible differences between males and 
females as well as previous iron man competitor and novice athletes of this year‟s event. From these 
results it may furthermore be possible to predict and prevent foot and ankle overuse injuries or 
contribute to such endeavours.  
Significance of Research Project  
The outcomes of the study research could be of significance in the following ways; 
1. It can provide information on individual plantar foot force differences before and after an ultra-
endurance event; 
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2. It can provide information on differences between males and females in respect of the variables to 
be measured; 
3. It can provide information on whether there are differences between previous Iron Man 
competitors and novice athletes in respect of the variables measured; 
4. It can provide information to athletes on individual results that may assist in injury prevention. 
Research Plan and Method 
Data will be gathered using the RS Footscan®. Permission will be sought from the athletes prior to 
their participation. Only those who consent to participate will be involved. The testing will be 
administered by a team from NMMU, and will take approximately 10-15 minutes per athlete on a 
day or two prior to the competition (Thursday to Saturday) and immediately after the race (Sunday). 
The data will be treated as confidential and no athletes will be identifiable in written reports. 
Participants may withdraw from the study at any time without penalty. The role of the Iron Man 
organizing team is voluntarily and they may withdraw any participant at any time without penalty.  
Further Information 
Attached for your information is the participant information statement and consent forms. 
Your positive consideration of the request will be much appreciated. 
 
Thank you in advance. 
Yours sincerely 
---------------------------------------         ------------------------------------ 
Gwenivere Sims              Prof. R. Du Randt 
Researcher              Supervisor 
Tel: 076 045 2773             Tel: (041) 504 2499 
 s206011733@nmmu.ac.za 
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APPENDIX C: 
INFORMATION AND INFORMED CONSENT FORM 
 
Title of the research 
project 
 
Plantar force differences before and after an Ultra-endurance 
event 
Reference number 
 
H10-HEA-HMS-005 
Principal investigator 
Gwenivere Sims 
Address 
 
 
Postal Code 
Nelson Mandela Metropolitan University 
Department of Human Movement Science 
Summerstrand 
6001 
Contact telephone number 041-504 2603 
 
A. DECLARATION BY OR ON BEHALF OF PARTICIPANT 
 (Person legally competent to give consent on behalf of the participant) 
 
Initial 
 
I, the participant and the undersigned..............................................................(name) 
I.D. number ………………………………………… in my capacity as participant 
of…………………………………………………………………………………………
……………………………………………………………………………………… 
(address) 
 
 
A.1 I HEREBY CONFIRM AS FOLLOWS: 
 
 
1. I, the participant, was invited to participate in the above-mentioned research project 
that is being undertaken by Gwenivere Sims of the Department of Human Movement 
Science in the Faculty of Health Sciences at the Nelson Mandela Metropolitan 
University. 
 
2. The following aspects of the research have been explained to me, the participant: 
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2.1 Aim:  
To describe and compare the plantar foot forces before and after an endurance event. 
2.2   Objectives: 
2.2.1 To describe and compare the foot forces of the total sample group before and after the 
an endurance event; 
2.2.2 To describe and compare the foot forces of males and females before and after an 
endurance event. 
2.2.3 To describe and compare the foot forces of those who competed in an Iron Man event 
before and novices that compete in an endurance event. 
The information will be used to assist athletes in injury prevention. 
 
2.3 Measurements to be taken:  
 Height 
 Weight 
 Plantar foot force while walking over a 2m force platform mat. 
 A questionnaire aimed at determining the athletes‟ injury history and level of 
preparation for the event. 
Procedures: No invasive procedures will be followed. 
 
2.4 Risks: There are no risks involved, as the project does not require invasive 
procedures. 
 
2.5 Possible benefits:  
1. Results of the research could be shared with the participants on request. 
 
2.6 Confidentiality: The participants‟ identity will not be revealed in any discussion, 
description or scientific  publications by the investigators. 
 
2.7 Access to findings: Individuals‟ results will be shared with the participants on request.  
2.8 Voluntary participation/refusal/discontinuation:  
 My participation is voluntary 
 
 My decision whether or not to participate will in no way affect my present or future 
athletic career. 
 
 YES  NO 
 TRUE  FALSE 
 
3. The information above was explained to me/the participant by Gwenivere Sims in 
English and I am in command of this language. I was given the opportunity to ask 
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questions and all these questions were answered satisfactorily. 
4. No pressure was exerted on me to consent to participation and I understand that I may 
withdraw at any stage without penalization. 
 
5.  Participation in this study will not result in any additional cost to me.  
 
 
A.2 I HEREBY VOLUNTARILY CONSENT TO PARTICIPATE IN THE ABOVE- 
MENTIONED PROJECT  
 
 Signed/confirmed at……………………………..on…………………………2010  
 
 
 
Signature or right thumb print of 
participant 
 
Signature of witness 
 
Full name of witness 
 
 
162 
 
 
B. STATEMENT BY OR ON BEHALF OF INVESTIGATOR(S) 
 
I, Gwenivere Sims declare that 
 
- I have explained the information given in this document 
to………………………………………..(name of participant)  
 
- he/she was encouraged and given ample time to ask me any questions; 
 
- this conversation was conducted in English and no translator was used  
 
 
 Signed/confirmed at 
 ………………………………on…………………………………..2010 
    
 
 
Signature of interviewer 
Signature of witness 
Full name of witness 
 
 
 
C. IMPORTANT MESSAGE TO PARTICIPANT 
Dear participant 
 
Thank you for your participation in this study. Should you require any further 
information with regard to the study, kindly contact Gwenivere Sims at telephone 
number 041-504 2603.  
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APPENDIX D: 
QUESTIONNAIRE  
Personal Information     
 
Have you competed in the Iron Man 
before? Y/N 
Name   
 
Year   
Age   
 
Time   
Gender   
 
Race Number   
Contact#   
     E-mail   
     Height   
     Weight   
     Have you done any form of weight bearing 
exercise within the last 24 hours? (for example 
running) Y/N 
    Medical History 
     
Type of foot 
injury 
Metatarsal stress 
fracture   Neuroma 
Plantar 
fasciitis Bunions 
   Tarsal tunnel 
syndrome Cuboid subluxation Other 
   If other please specify: 
   Please specify above mentioned injury: 
   
Injury (in last 
6 months) 
Type:   Full recovery:  Y/N  Date: 
   
Date:     
Reoccurrence:  Y/N  
  
  
   
Injury (longer 
than 12 
months)  
Type:   Full recovery:  Y/N  Date: 
   
Date:    
 
  
Reoccurrence: Y/N  
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Please circle the appropriate choice for your training routine: 
  
   Training History      
   Volume of training per week  
   a. Time/duration of training 
   Average training for one week 
   Run Cycle Swim 
   Distance Time Distance Time Distance Time 
   0-15km 0-1.5 hours 0-120km 0-4 hours 0-1km 0-0.5 hours 
   15-24km 1.5-2 hours 120-180km 4-6 hours 1km-3km 0.5-1 hours 
   24-30km 2-3 hours 180-270km 6-9 hours 3km-5km 1-2 hours 
   30-45km 3-4.5 hours 270-360km 9-12 hours 5km-7km 2-3.5 hours 
   45-60km 4.5-6 hours 360-450km 12-15 hours 7km-9km 3.5-4.5 hours 
   60-75km 6-7.5 hours 450-540km 15-18 hours 9km-11km 4.5-5.5 hours 
   75-90km 7.5-9 hours 540-600km  18-20 hours 11km-15km 5.5-7.5 hours 
   90-105km 9-10.5 hours 600-690km 20-23 hours 15km-20km 7.5-10 hours 
   105-120km 10.5-12 hours 690-750km 23-25 hours 20-25km 10-12.5hours 
   > 120km > 12 hours > 750km > 25 hours >25km > 12.5 hours 
   b. Number of sessions per week 
   Average total training for one week 
  Run Cycle Swim 
   0-2 0-2 0-2 
   2-3 2-3 2-3 
   3-4 3-4 3-4 
   4-5 4-5 4-5 
   > 5 > 5 > 5 
   c. Intensities of above sessions: 
   
Intensity Number 
Percentage of 
maximum 
performance 
Intensity 
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1 30-49 Low 
   2 50-69 Intermediate 
   3 70-79 Medium 
   4 80-89 Sub maximal 
   5 90-99 Maximum 
   6 100-105 Super maximum 
   (Tudor, 1999) 
 
   d. Complexity/technique per week 
   Number of sessions per week       
Run Cycle Swim 
   
Hills 
0-1 
Hills 
0-1 
Sea swim 
0-1 
   2-3 2-3 2-3 
   >3 >3 >3 
   
Track/ 
Interval 
0-1 
Interval 
0-1 
 Interval 
0-1 
   2-3 2-3 2-3 
   >3 >3 >3 
   
Road 
0-1 
Road 
0-1 
Pool 
0-1 
   2-3 2-3 2-3 
   >3 >3 >3 
   
Weight/ 
Core 
0-1 
  
 Stroke 
correction 
0-1 
   2-3 2-3 
   >3 >3 
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E1. PLANTAR FORCES OF THE FOREFOOT 
 
1.1 Plantar forces of the forefoot before the competition  
 
1.1.1 Plantar forces of the forefoot before the competition for the left forefoot 
 
Table E1.1.1 reflects the descriptive statistics for the plantar forces of the left forefoot before 
the competition with a mean of 180.59 (±56.48) N for the entire sample group. 
 
Table E1.1.1: Descriptive statistics - Plantar forces of the left forefoot before the 
competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 180.59 56.48 40.92 141.10 185.72 221.42 293.50 
Male 66 193.55 53.61 40.92 161.08 203.92 228.63 293.50 
Female 18 133.03 39.19 53.66 118.31 135.14 150.78 206.44 
 
The mean plantar force for males and females were 193.55 (±53.61) N and 133.03 (±39.19) 
N, respectively. The minimum plantar force for the forefoot was 40.92 N and the maximum 
plantar forces 293.50 N. There was a statistical significant difference between the two gender 
groups (t = -4.47, p = .000). Cohen‟s d value of 1.19 was calculated indicating a large 
practical significance. 
 
1.1.2 Plantar forces of the forefoot before the competition for the right forefoot 
 
Table E1.1.2 reflects the descriptive statistics of the plantar forces of the right forefoot before 
the competition with a mean of 275.52 (±85.45).  
Table E1.1.2: Descriptive statistics - Plantar forces of the right forefoot before the 
competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 275.52 85.45 59.14 212.47 277.89 349.68 445.46 
Male 66 296.97 78.47 59.14 250.50 302.61 354.92 445.46 
Female 18 196.89 61.47 74.92 183.13 196.83 214.26 320.16 
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The minimum forefoot plantar force was 59.14 N and the maximum plantar force was 445.46 
N. Females had a mean of 196.89 (±61.47) N while males had a mean of 296.97 (±78.47) N. 
A statistical significant difference was found between males and females (t = -5.00, p = 000), 
with Cohen‟s d of 1.33 indicating a large practical significance. 
 
1.1.3 Plantar forces of the forefoot before the competition for both the left and right forefoot 
combined 
 
Table E1.1.3 reflects descriptive statistics for the sum of plantar forces of both the left and 
right forefoot before the competition with a mean of 456.11 (±138.87) N. 
 
Table E1.1.3: Descriptive statistics - Plantar forces of both the right and left forefoot 
combined before the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 456.11 138.87 100.06 354.22 466.92 560.89 737.44 
Male 66 490.52 128.28 100.06 411.80 517.73 575.95 737.44 
Female 18 329.93 98.85 130.58 304.74 334.46 357.02 510.66 
 
Males had an average of 490.52 (±128.28) N and females a 329.93 (±98.85) N. The minimum 
forefoot plantar forces for the right and left forefoot combined was 100.06 N and the 
maximum 737.44 N. There was a statistical significant difference between the forefeet of the 
gender groups (t = -4.92, p = .000). Cohen‟s d indicated a large practical significant 
difference with a value of 1.31. 
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1.1.4 Frequency distribution of plantar forces of the left forefoot before the competition  
 
Table E1.1.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the left forefoot before the competition  
Gender ≤Q1.All (141.10) Q1-Q3 ≥Q3(221.42) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 10 (15%) 35 (53%) 21 (32%) 66 (100%) 
Female 11 (61%) 7 (39%) 0 (0%) 18 (100%) 
 
Frequency distribution of the left forefoot plantar forces, for the total group, indicated a 50% 
distribution in the middle quartiles. Average forces of the left forefoot before the competition 
for males were largely distributed in the middle quartiles with 53%, while that of females 
were distributed in the first quartile with 61%. 
 
 
Figure E1: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the left forefoot before the competition 
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Figure E1 indicates the distribution of the plantar forces of the left forefoot before the 
competition. Males were dominant in the middle quartiles with a central tendency curve 
while females were dominant in the first quartile, having a positively skewed curve. This 
clearly illustrates the higher plantar forces of males than females. 
 
1.1.5 Frequency distribution of plantar forces of the right forefoot before the competition  
 
Table E1.1.5: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the right forefoot before the competition 
Gender ≤ Q1(212.47) Q1-Q3 ≥Q3(349.68) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 9 (14%) 36 (55%) 21 (32%) 66 (100%) 
Female 12 (67%) 6 (33%) 0 (0%) 18 (100%) 
 
For the right forefoot 50% of the total group‟s average forefoot forces fell in the 2nd and 3rd 
quartile. Males were dominant in the same quartiles with 55%, but females were dominant in 
the first quartile with 67% of the average female forefoot forces, before the competition, 
falling in this quartile. 
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Figure E2: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the right forefoot before the competition 
 
Figure E2 illustrates the distributions of the plantar forces of the right forefoot before the 
competition according to quartiles. Males were dominant in the middle quartiles with a 
central tendency and females were dominant in the first quartile showing a positively skewed 
curve once again. This indicates that males have higher plantar forces in the right forefoot 
than females. 
From tables E1.1.4 and E1.1.5 it is clear that males have higher plantar forces in their 
forefoot than females. 
 
1.2  Plantar forces of the forefoot after the competition  
 
1.2.1  Plantar forces of the forefoot after the competition for the left forefoot 
 
Table E1.2.1 reflects the descriptive statistics for the plantar forces of the left forefoot after 
the competition with a mean of 159.68 (±44.24) N.  
  
0%
10%
20%
30%
40%
50%
60%
70%
≤ Q1 Q1 - Q3 ≥ Q3 
Gender 
All Male Female
Quartiles of the plantar forces of the right forefoot before the competition 
173 
 
Table E1.2.1: Descriptive statistics - Plantar forces of the left forefoot after the 
competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 159.68 44.24 60.32 127.87 154.90 193.12 276.36 
Male 66 166.67 45.65 60.32 131.41 166.32 204.60 276.36 
Female 18 134.08 26.56 78.04 120.45 135.37 150.11 191.62 
 
Males and females had a mean of 166.67 (±45.65) N and 134.08 (±26.56) N for the left 
forefoot after the competition, respectably. The minimum for the left forefoot after the 
competition was 60.32 N and the maximum 276.36 N.  There was a statistical significant 
difference between the male and female sample groups (t = -2.89, p = .005), with a Cohen‟s d 
value of 0.77, indicating a moderate practical significant difference. 
 
1.2.2  Plantar forces of the forefoot after the competition for the right forefoot 
 
Table E1.2.2 reflects the descriptive statistics for the plantar forces of the right forefoot after 
the competition, a mean of 257.36 (61.40) N. 
 
Table E1.2.2: Descriptive statistics - Plantar forces of the right forefoot after the 
competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 257.36 61.40 117.02 213.07 259.00 305.51 405.02 
Male 66 273.02 57.25 117.02 237.05 269.67 313.60 405.02 
Female 18 199.92 37.83 140.36 180.80 193.51 212.60 299.60 
 
The minimum plantar force for the right forefoot, after the competition, was 117.02 N and the 
maximum plantar force 405.02 N. Males had a mean of 273.02 (±57.25) N, while females 
had an average of 199.92 (±37.83) N. There was a statistical significant difference between 
the two gender groups (t = -5.11, p = .000). Cohen‟s d indicated a large practical significant 
difference with a value 1.36. 
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1.2.3 Plantar forces after the competition for both the left and right forefoot combined 
 
Table E1.2.3 reflects the descriptive statistics for the right and left forefoot combined, after 
the competition, with a mean of 417.04 (±91.27) N. 
 
Table E1.2.3: Descriptive statistics – Plantar forces of both the right and left forefoot 
combined after the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 417.04 91.27 242.14 341.03 407.75 486.59 609.96 
Male 66 439.69 85.43 242.14 382.42 429.65 513.41 609.96 
Female 18 333.99 58.88 244.86 297.62 320.29 355.70 491.22 
 
Males and females had mean plantar forces of 439.69 (±85.43) N and 333.99 (58.88) N, 
respectively, for the right and left forefoot combined after the competition. The minimum 
forefoot plantar force for the left and right forefoot combined was 242.14 N and the 
maximum plantar force 609.96 N. There was a statistically significant difference between the 
male and female combined forefoot plantar forces after the competition (t = -4.93, p = .000), 
with a Cohen‟s d value of 1.31, indicating a large practical significant difference between the 
gender groups. 
 
1.2.4 Frequency distribution for plantar forces of the left forefoot after the competition  
 
Table E1.2.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the left forefoot after the competition  
Gender ≤ Q1(127.87) Q1-Q3 ≥Q3(193.12) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 15 (23%) 30 (45%) 21 (32%) 66 (100%) 
Female 6 (33%) 12 (67%) 0 (0%) 18 (100%) 
 
Table E1.2.4 shows the distribution for plantar forces of the left forefoot after the 
competition. The sample group was largely distributed in the middle quartiles with 50% of 
participants having forefoot plantar forces in this quartile. Males and females were also 
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dominant in the middle quartiles with 45% and 67% respectively for the left forefoot forces 
after the competition. 
 
 
Figure E3: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the left forefoot after the competition 
 
Figure E3 illustrates the distribution of the sample group according to quartiles, for the left 
forefoot after the competition. It is clear in the figure that the sample group as well as males 
and females were distributed mainly in the middle quartiles for plantar forces of the left 
forefoot after the competition. Males had a central tendency, with a normal distribution, while 
females were more negatively skewed, indicating more individuals with higher forefoot 
forces after the competition.   
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1.2.5 Frequency distribution for plantar forces of the right forefoot after the competition  
 
Table E1.2.5: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the right forefoot after the competition 
Gender ≤ Q1(213.07) Q1-Q3 ≥Q3(305.51) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 8 (12%) 37 (56%) 21 (32%) 66 (100%) 
Female 13 (72%) 5 (28%) 0 (0%) 18 (100%) 
 
Table E1.2.5 shows the distribution of plantar forces for the right forefoot after the 
competition. The sample group was largely distributed in the second and third quartile with 
50%. Males were dominant in the same quartiles with 56%, while females were mostly 
distributed in the first quartile with 72%. 
 
 
Figure E4: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the right forefoot after the competition 
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Figure E4 illustrates the distributions for plantar forces of the right forefoot after the 
competition. Males were dominant in the middle quartiles, with a central tendency, while 
females were dominant in the first quartile, with a positively skewed distribution.  
 
E2.  PLANTAR FORCES OF THE HEEL 
 
2.1 Plantar forces of the heel before the competition  
 
2.1.1 Plantar forces of the left heel before the competition 
 
Table E2.1.1 reflects descriptive statistics for plantar force of the left heel before the 
competition, with a mean of 384.33 (±121.77) N.  
 
Table E2.1.1: Descriptive statistics – Plantar force of the left heel before the competition 
(N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 384.33 121.77 87.85 316.56 387.58 448.26 756.25 
Male 66 407.83 121.43 87.85 352.19 404.93 485.88 756.25 
Female 18 298.16 77.52 106.25 281.70 308.83 345.71 403.60 
 
Males had a mean plantar force of 407.33 (±121.43) N, much higher than the average sample 
group mean. Females had a mean of 298.16 (±77.52) N, lower than the plantar forces of the 
male sample group. The minimum plantar force recorded was 87.85 N and the maximum 
plantar force 756.25 N. Both these readings were in the male sample group. There was 
statistical significance between the male and female sample group for the left heel (t = -3.63, 
p = .000), Cohen‟s d indicated a large practical significance with a value of 0.96. 
 
2.1.2  Plantar forces of the right heel before the competition 
 
Table E2.1.2 reflects the descriptive statistics for the plantar force of the right heel before the 
competition with a mean of 618.56 (±214.78) N.  
 
178 
 
Table E2.1.2: Descriptive statistics – Plantar force of the right heel before the 
competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 618.56 214.78 122.50 484.36 616.73 757.38 1176.85 
Male 66 667.02 211.31 122.50 558.43 666.45 783.30 1176.85 
Female 18 440.91 109.37 201.25 396.59 438.00 513.68 616.00 
 
Males and females had a mean of 667.02 (±211.31) N and 440.91 (±109.37) N, respectably. 
The minimum reading was 122.50 N and the maximum reading 1176.85 N, of which both 
were captured for the male sample group. The maximum reading was much higher than the 
left heel reading, as seen in table 4.2.8.1.1. There was a statistical significant difference 
between the sample groups (t = -4.37, p = .000), with Cohen‟s d value once again indicating a 
large practical significance with 1.16. 
 
2.1.3  Plantar forces of both the left and right heel before the competition combined 
 
Table E2.1.3 reflects the descriptive statistics for the sum of plantar force of the right and left 
heel combined, before the competition, with a mean of 1002.89 (±323.29) N.  
 
Table E2.1.3: Descriptive statistics – Plantar forces of both the right and left heel 
combined before the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 1002.89 323.29 210.35 790.84 1014.38 1208.95 1933.10 
Male 66 1074.84 316.76 210.35 915.99 1090.25 1266.08 1933.10 
Female 18 739.07 181.19 307.50 664.78 749.53 856.35 1013.35 
 
For the combined right and left heel plantar forces before the ultra-endurance event the mean 
for males was 1074.84 (±316.76). Females had a mean of 739.07 (±181.19) N. The maximum 
plantar force was 1933.10 N and the minimum plantar force 210.35 N. A statistical 
significant difference was found between males and females for the heel before the 
competition (t = -4.30, p = .000), with a Cohen‟s d value of 1.14 indicating a large practical 
significance. 
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2.1.4 Frequency distribution for plantar forces of the left heel before the competition  
 
Table E2.1.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar force of 
the left heel before the competition 
Gender ≤ Q1(316.56) Q1-Q3 ≥Q3(448.26) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 11 (17%) 34 (52%) 21 (32%) 66 (100%) 
Female 10 (56%) 8 (44%) 0 (0%) 18 (100%) 
 
Frequency distribution of the left heel, before the competition indicated that males had the 
highest frequency in the middle quartiles with 52% of the sample group while females were 
mostly distributed in the first quartile with 56%.  
 
 
Figure E5: Frequency distribution according to Quartiles (Overall) - Plantar force of 
the left heel before the competition 
 
The total sample group as well as the males had a central tendency with dominant frequencies 
in the middle quartiles. Females had a positively skewed curve with no data in the fourth 
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quartile. As illustrated in the figure above, females had lower plantar forces for the left heel 
before the competition. 
 
2.1.5 Frequency distribution for plantar forces of the right heel before the competition 
 
Table E2.1.5: Frequency Distribution according to Quartiles 1 and 3 – Plantar force of 
the right heel before the competition 
Gender ≤ Q1(484.36) Q1-Q3 ≥Q3(757.38) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 10 (15%) 35 (53%) 21 (32%) 66 (100%) 
Female 11 (61%) 7 (39%) 0 (0%) 18 (100%) 
 
The sample group was equally divided into quartiles, with the greatest frequency in the 
middle quartiles (50%). Males had 53% of the distribution in the same quartiles, while 
females once again were dominant with 61% in the first quartile, indicating lower forces of 
the right heel before the competition. 
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Figure E6: Frequency distribution according to Quartiles (Overall) - Plantar force of 
the right heel before the competition 
 
The sample group and males had a central tendency while females had a positively skewed 
curve, indicating lower plantar forces in the right heel before the competition. 
 
2.2  Plantar forces of the heel after the competition  
 
2.2.1  Plantar forces for the left heel after the competition  
 
Table E2.2.1 reflects descriptive statistics for the plantar force of the left heel after the ultra-
endurance event, a mean of 358.11 (±90.17) N.  
Table E2.2.1: Descriptive statistics - Plantar force of the left heel after the competition 
(N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 358.11 90.17 182.60 306.09 363.93 417.36 595.55 
Male 66 376.62 86.59 182.60 320.05 373.95 431.73 595.55 
Female 18 290.23 69.43 184.45 239.38 292.53 336.21 410.80 
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Males had a mean of 376.63 (±86.59) N, while females had a mean of 290.23 (±69.43). The 
minimum plantar force at the left heel was 182.60 N, and the maximum plantar force 595.55 
N. Both the minimum and maximum plantar forces were in the male sample group. A 
statistical significant difference was reported (t = -3.90, p = .000). Cohen‟s d showed a large 
practical significance with a value of 1.04. 
 
  2.2.2 Plantar forces for the right heel after the competition 
 
Table E2.2.2 shows descriptive statistics for the plantar forces of the right heel after the 
competition. The mean plantar force of the right heel after the competition was 564.33 
(±144.55).   
 
Table E2.2.2: Descriptive statistics - Plantar force of the right heel after the competition 
(N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 564.33 144.55 244.00 481.73 571.18 644.15 946.25 
Male 66 599.53 136.24 244.00 514.73 608.73 666.83 946.25 
Female 18 435.26 92.72 308.05 343.58 455.55 495.35 591.05 
 
The males and females mean plantar force for the right heel after the competition was 599.53 
N (±136.24) and 453.26 (±92.72) respectably. The minimum plantar force was 244.00 N, and 
the maximum plantar force 946.25 N, once again both the minimum and the maximum 
plantar forces were in the male sample group. A statistical significant difference was found 
between the two gender groups (t = -4.81, p = .000). Cohen‟s d depicted a large practical 
significance with a value of 1.28.  
 
 2.2.3  Plantar forces for both the left and right heel combined after the competition  
 
Table E2.2.3 reflects descriptive statistics for the combined plantar forces of the left and right 
heel after the ultra-endurance event. The total sample group had a mean of 922.44 (±218.11) 
N.  
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Table E2.2.3: Descriptive statistics –Plantar force of both the right and left heel 
combined after the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 922.44 218.11 459.10 792.66 935.55 1062.66 1541.80 
Male 66 976.15 202.44 459.10 868.06 959.90 1082.89 1541.80 
Female 18 725.49 152.61 517.15 561.70 781.63 830.43 979.70 
 
The minimum plantar forces for both the left and right heel combined were 459.10 N, and the 
maximum plantar forces 1541.80 N. Both these extremes were in the male sample group. 
Males and females had a mean of 976.15 (±202.44) N and 725.49 (±152.61) N, respectively 
for combined left and right heel plantar forces after the competition. A statistical significant 
difference between male and females was found (t = -4.88, p = .000), with a Cohen‟s d value 
of 1.30 indicating a large practical significance. 
 
2.2.4 Frequency distribution for plantar forces of the left heel after the competition  
 
Table E2.2.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar force of 
the left heel after the competition 
Gender ≤ Q1(306.09) Q1-Q3 ≥Q3(417.36) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 12 (18%) 33 (50%) 21 (32%) 66 (100%) 
Female 9 (50%) 9 (50%) 0 (0%) 18 (100%) 
 
The total sample groups left heel plantar forces after the competition was evenly distributed 
over the four quartiles, with a 50% distribution in the middle quartiles. Males as well as 
females had a 50% distribution in the same quartiles. Females had an equal distribution in the 
first two categories with 50% in quartile one and 50% in the middle quartiles. 
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Figure E7: Frequency distribution according to Quartiles (Overall) - Plantar force of 
the left heel after the competition 
 
The total sample group and females had a central tendency in the distribution curve for 
plantar forces of the left heel after the competition, while males had a negatively skewed 
curve indicating higher plantar forces in the left heel, than females, after the competition. 
 
2.2.5 Frequency distribution for plantar forces of the right heel after the competition  
 
Table E2.2.5: Frequency Distribution according to Quartiles 1 and 3 - Plantar force of 
the right heel after the competition 
Gender ≤ Q1(481.73) Q1-Q3 ≥Q3(644.15) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 12 (18%) 33 (50%) 21 (32%) 66 (100%) 
Female 9 (50%) 9 (50%) 0 (0%) 18 (100%) 
 
Similar frequencies, as for the left heel after the competition, existed in the distribution of 
plantar force data for the right heel after the competition. The sample group had an equal 
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distribution, with the most data being in the middle quartiles. Males also had a 50% 
distribution in the middle quartiles and females had 50% in the first and middle quartiles. 
 
 
Figure E8: Distribution according to Quartiles (Overall) - Plantar force of the right heel 
after the competition 
 
The total sample group and the females had a central tendency while males had a negatively 
skewed curve, indicating higher plantar forces for the right heel, when compared to females 
and the total sample group. 
 
E3. PLANTAR FORCES OF THE HALLUX 
 
3.1  Plantar forces of the hallux before the competition 
 
3.1.1  Plantar forces of the left hallux before the competition 
 
Table E3.1.1 shows descriptive statistics for the left hallux before the competition. The mean 
plantar force, of the left hallux before the competition for the total sample group, was 142.29 
(±69.20) N.  
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Table E3.1.1: Descriptive statistics - Plantar forces of the left hallux before the 
competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 142.29 69.20 19.50 88.23 145.50 183.58 332.00 
Male 66 147.28 69.70 19.50 94.28 150.35 187.93 332.00 
Female 18 123.97 65.97 23.10 76.43 113.50 173.93 250.20 
 
Males and females had a mean of 147.28 (±69.70) N and 123.97 (±65.97) respectably for the 
left hallux before the competition. The minimum plantar force was 19.50 N, and the 
maximum plantar force 332.00 N. No statistical significant differences was found between 
the two gender groups (t = -1.27, p = .207). 
 
3.1.2  Plantar forces of the right hallux before the competition 
 
Table 3.1.2 reflects descriptive statistics for the right hallux before the competition with a 
mean of 226.42 (±117.93) N for the total sample group. 
 
Table E3.1.2: Descriptive statistics - Plantar forces of the right hallux before the 
competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 226.42 117.93 25.80 148.83 218.35 297.55 597.60 
Male 66 236.59 125.96 25.80 152.75 224.20 323.05 597.60 
Female 18 189.14 73.24 47.30 146.63 194.35 241.30 313.10 
 
Males had a mean of 236.59 (±125.96) N and females had a mean of 189.14 (±73.24) N for 
the right hallux before the competition. The minimum plantar force was 25.80 N, and the 
maximum plantar force, 597.60 N, both in the male sample group. No statistical significant 
difference was found between the two gender groups (t = -1.53, p = .131). 
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3.1.3  Plantar forces of both the left and right hallux before the competition combined 
 
Table E3.1.3 reflects descriptive statistics for the left and right hallux combined, before the 
ultra-endurance event, with a mean of 368.71 (±170.59).  
 
Table E3.1.3: Descriptive statistics – Plantar forces of both the right and left hallux 
combined before the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 368.71 170.59 67.60 249.63 359.25 475.95 803.60 
Male 66 383.87 177.97 67.60 257.28 381.40 492.40 803.60 
Female 18 313.11 129.64 70.40 240.70 302.40 390.93 522.40 
 
Males and females had a mean of 383.87 (±177.97) N and 313.11 (±129.64) N, respectably. 
The minimum plantar force of the hallux was 67.60 N, and the maximum plantar force was 
803.60 N, both from the male sample. No statistical significant difference was found between 
the gender groups (t = -1.57, p = .119). 
 
3.1.4 Frequency distribution for plantar forces of the left hallux before the competition  
 
Table E3.1.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the left hallux before the competition 
Gender ≤ Q1(88.23) Q1-Q3 ≥Q3(183.58) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 16 (24%) 33 (50%) 17 (26%) 66 (100%) 
Female 5 (28%) 9 (50%) 4 (22%) 18 (100%) 
 
The sample group was equally distributed with 50% of the data in the middle quartiles. Males 
had a greater percentage (26%) in the last quartile, but also a 50% in the middle quartiles. 
Female‟s plantar forces for the left hallux before the competition were more evenly 
distributed than in previous results (left forefoot and left heel) with 28% in the first quartile, 
50% in the middle quartiles and 22% in the last quartile. 
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Figure E9: Frequency distribution according to Quartiles (Overall) - Plantar force of 
the left hallux before the competition  
 
Figure E9 illustrated the plantar forces of the left hallux before competition. The total sample 
group as well as the male and female groups had a central tendency. Females had a lower 
frequency in the last quartile, indicating lower plantar forces. Males had the exact opposite 
result with higher frequencies in the last quartile and lower frequencies in the first. Both 
males and females were equally represented in the middle quartiles, with. 
 
3.1.5 Frequency distribution for plantar forces of the right hallux before the competition  
 
Table E3.1.5: Frequency Distribution according to Quartiles 1 and 3 – Plantar forces of 
the right hallux before the competition 
Gender ≤ Q1(148.83) Q1-Q3 ≥Q3(297.55) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 16 (24%) 30 (45%) 20 (30%) 66 (100%) 
Female 5 (28%) 12 (67%) 1 (6%) 18 (100%) 
 
0%
10%
20%
30%
40%
50%
60%
≤ Q1 Q1 - Q3 ≥ Q3 
Gender 
All Male Female
Quartiles fo the plantar forces of the left hallux before the competition 
189 
 
 Plantar forces of the right hallux were equally distributed in the total sample group before the 
competition. A frequency of 50% was noted in the middle quartiles with 25% in the first and 
last quartiles. Males had a 45% distribution in the middle quartiles and a bigger percentage 
(30%) in the last quartile. Females had the greatest frequency in the middle quartile with 
67%, followed by 28% in the first quartile and only 6% in the last quartile. This indicates 
higher plantar forces of the hallux for males than for females. 
 
 
Figure E10: Frequency distribution according to Quartiles (Overall) - Plantar force of 
the right hallux before the competition 
 
Figure E10 illustrates a central tendency for the total sample group and males. Females had a 
negatively skewed graph, showing the highest frequencies in the middle quartiles.  
 
3.2  Plantar forces of the hallux after the competition 
 
3.2.1  Plantar forces of the left hallux after the competition 
 
Table E3.2.1 reflects descriptive statistics for the left hallux after the competition with a mean 
of 80.53 (±48.12) N.  
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Table E3.2.1: Descriptive statistics - Plantar forces of the left hallux after the 
competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 80.53 48.12 3.10 41.55 82.10 102.13 261.30 
Male 66 84.05 48.40 3.10 45.38 84.55 105.23 261.30 
Female 18 67.63 46.06 7.90 32.20 56.10 92.23 171.80 
 
Males had a mean of 84.05 (±48.40) N, slightly higher than the average of the sample group, 
while females had a mean of 67.63 (±46.06) N. The minimum plantar force was 3.10 N and 
the maximum plantar force 261.30 N. Both these plantar forces were from the male sample 
group. No statistical significant difference was found between the two gender groups (t = -
1.29, p = .201). 
 
3.2.2  Plantar forces of the right hallux after the competition 
 
Table E3.2.2 reflects descriptive statistics for the right hallux after the competition with a 
mean of 114.01 (±63.84) N.  
 
Table E3.2.2: Descriptive statistics - Plantar forces of the right hallux after the 
competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 114.01 63.84 0.00 69.48 107.00 157.38 263.00 
Male 66 114.41 64.99 0.00 68.83 103.45 161.80 263.00 
Female 18 112.54 61.19 10.20 74.38 115.65 147.38 258.10 
 
Males and females had a mean of 114.41 (±64.99) N and 112.54 (±61.19) N respectably. The 
minimum plantar force was 0.00 N and the maximum 263.00 N, both from the male data. No 
statistical significant difference was found between the gender groups (t = -0.11, p = .913). 
From table 4.2.9.1.2, (minimum 25.80 N), it is clear that lower minimum plantar forces were 
recorded for the right hallux after the competition. 
 
 
 
191 
 
3.2.3  Plantar forces of both the left and right hallux after the competition combined 
 
Table E3.2.3 reflects descriptive statistics for both the left and right hallux combined, after 
the ultra-endurance event, with a mean of 194.54 (± 96.77), for the total sample group.  
 
Table E3.2.3: Descriptive statistics – Plantar forces of both the right and left hallux 
combined after the competition (N) 
Gender n Mean SD Min Q1 Median Q3 Max 
All 84 194.54 96.77 8.50 116.20 200.90 252.15 524.30 
Male 66 198.46 98.11 8.50 118.73 206.15 252.68 524.30 
Female 18 180.17 92.93 18.90 119.13 169.15 227.35 345.90 
 
Males and females had a mean of 198.46 (±98.11) N and 180.17 (±92.93) N respectably. The 
minimum plantar force was 8.50 N and the maximum plantar force 524.30N. Both these 
plantar forces were from the male sample group. No statistical significant difference was 
found between the gender groups (t = -0.71, p = .480). 
 
3.2.4 Frequency distribution for plantar forces of the left hallux after the competition  
 
Table E3.2.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the left hallux after the competition 
Gender ≤ Q1(41.55) Q1-Q3 ≥Q3(102.13) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 15 (23%) 34 (52%) 17 (26%) 66 (100%) 
Female 6 (33%) 8 (44%) 4 (22%) 18 (100%) 
 
The sample group had a relatively even distribution across the quartiles with 50% in the 
middle quartiles. Males had 52% distribution in the middle quartiles and 26% in the last 
quartile. Females had 44% in the middle quartiles and 33% in the first quartile, with 22% in 
the last quartile. This indicated higher plantar forces of the left hallux, after the competition, 
for males. 
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Figure E11: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the left hallux after the competition 
 
The sample group, males and females reflected a relatively normal distribution.  Males had a 
higher peak, with higher frequencies in the last quartiles, while females had the higher peak 
in the first quartiles. This indicates that males have higher plantar forces in the left hallux, 
after the competition, than females. 
 
3.2.5 Frequency distribution of the right hallux after the competition  
 
Table E3.2.5: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the right hallux after the competition 
Gender ≤ Q1(69.48) Q1-Q3 ≥Q3(157.38) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
Male 17 (26%) 31 (47%) 18 (27%) 66 (100%) 
Female 4 (22%) 11 (61%) 3 (17%) 18 (100%) 
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The plantar forces for the right hallux were relatively evenly distributed for the total sample 
group, with a 50% frequency in the middle quartiles. Males had a 47% distribution in the 
middle quartiles and females a 61% distribution in the same quartiles.  
 
 
Figure E12: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the right hallux after the competition 
 
The total sample group as well as both the males and the females reflected a relatively normal 
distribution for the right hallux forces after the competition. Males had a higher frequency in 
the first and last quartile, while females had the higher peak in the middle quartile where all 
the groups had their highest distribution. This illustrates higher forces of the right hallux, 
after the competition for males. 
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F1. PLANTAR FORCES OF THE FOREFOOT 
 
1.1 Plantar forces of the forefoot before the competition for PIMC and novices 
 
1.1.1 Plantar forces of the left forefoot before the competition for PIMC and novices 
 
Table F1.1.1 reflects the descriptive statistics of the plantar forces before the competition for 
the left forefoot for PIMC and novices. The mean sum of plantar forces for the left forefoot 
was 180.59 N (±56.48).  
 
Table F1.1.1: Descriptive statistics - Plantar forces of the left forefoot before the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 180.59 56.48 40.92 141.10 185.72 221.42 293.50 
PIMC 43 175.66 48.85 87.46 132.58 189.56 214.20 262.76 
Novices 41 185.75 63.72 40.92 148.92 185.08 234.50 293.50 
 
The mean plantar forces of the left forefoot before the competition, was 175.66 (±48.85) N 
for PIMC and 185.75 (±63.72) N for the novices. No statistical significant difference was 
found between the experience groups in terms of plantar forces of the left forefoot before the 
competition (t-stat = -0.82, p = .417). 
 
1.1.2 Plantar forces of the right forefoot before the competition for PIMC and novices 
 
Table F1.1.2 reflects the descriptive statistics of the plantar forces before the competition of 
the right forefoot with a mean of 275.52 (±85.45) N.  
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Table F1.1.2: Descriptive statistics - Plantar forces of the right forefoot before the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 275.52 85.45 59.14 212.47 277.89 349.68 445.46 
PIMC 43 271.92 72.71 119.80 211.06 277.80 328.72 411.84 
Novices 41 279.30 97.84 59.14 214.38 277.98 363.82 445.46 
 
The mean plantar forces of the right forefoot before the competition, for PIMC and novices 
were 271.92 (±72.71) N and 279.30 (±97.84) N respectively. No statistical significant 
difference was found between the experience groups for plantar forces of the right forefoot 
before the competition (t-stat = -0.39, p = .695). 
 
1.1.3 Plantar forces for both the left and right forefoot combined before the competition for 
PIMC and novices 
 
Table F1.1.3 reflects the descriptive statistics of the plantar forces before the competition of 
the left and right forefoot combined. The mean sum of plantar forces for the left and right 
forefoot was 456.11 (±138.87) N.  
 
Table F1.1.3: Descriptive statistics - Plantar forces of both the right and left forefoot 
combined before the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 456.11 138.87 100.06 354.22 466.92 560.89 737.44 
PIMC 43 447.59 119.09 216.50 346.32 463.16 535.04 653.24 
Novices 41 465.05 158.00 100.06 357.74 481.98 576.22 737.44 
 
The mean plantar forces of the left and right forefoot combined before the competition, was 
447.59 (±119.09) N and 465.05 (±158.00) N for PIMC and novices respectively. No 
statistical significant difference was found between the experience groups in terms of sum of 
plantar forces for the left and right forefoot before the competition (t-stat = -0.57, p = .568). 
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1.1.4 Frequency distribution for plantar forces of the left forefoot before the competition for 
PIMC and novices 
 
Table F1.1.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the left forefoot before the competition for PIMC and novices 
Iron 
Man 
≤ Q1(141.10) > Q1 to < Q3 ≥Q3(221.42) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 13 (30%) 21 (49%) 9 (21%) 43 (100%) 
Novices 8 (20%) 21 (51%) 12 (29%) 41 (100%) 
 
Frequency distribution of the left forefoot plantar forces indicated a 50% distribution in the 
middle quartiles. PIMC and novices were largely distributed in the middle quartiles with 49% 
and 51% respectively. 
 
 
Figure F1: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the left forefoot before the competition for PIMC and novices 
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Figure F1 illustrates the distribution of the forefoot plantar forces before the competition. 
Both groups were dominant in the middle quartiles with a bell shaped curve. 
 
1.1.5 Frequency distribution for plantar forces of the right forefoot before the competition for  
PIMC and novices 
 
Table F1.1.5: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the right forefoot before the competition for PIMC and novices 
Iron 
Man 
≤ Q1(212.47) > Q1 to < Q3 ≥Q3(349.68) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 11 (26%) 24 (56%) 8 (19%) 43 (100%) 
Novices 10 (24%) 18 (44%) 13 (32%) 41 (100%) 
 
Frequency distribution of the right forefoot plantar forces indicated a 50% distribution in the 
middle quartiles. Novices and PIMC had similar distributions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure F2: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the right forefoot before the competition for PIMC and novices 
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Figure F2 shows the distribution of the right forefoot plantar forces before the competition. 
Both groups were dominant in the middle quartiles with a bell shape curve, the PIMC 
illustrated a higher peak, which indicates higher right forefoot forces. 
 
1.2 Plantar forces of the forefoot after the competition for PIMC and novices 
 
1.2.1 Plantar forces of the left forefoot after the competition for PIMC and novices 
 
Table F1.2.1 reflects the descriptive statistics of the plantar forces after the competition for 
the left forefoot with a mean of 159.68 (±44.24) N.  
 
Table F1.2.1: Descriptive statistics - Plantar forces of the left forefoot after the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 159.68 44.24 60.32 127.87 154.90 193.12 276.36 
PIMC 43 164.92 45.38 60.32 131.44 161.50 201.43 276.36 
Novices 41 154.19 42.88 65.78 118.76 148.60 189.38 238.70 
 
The mean plantar forces of the left forefoot after the competition, for PIMC and novices was 
164.92 (±45.38) N and 154.19 (±42.88) N respectively. No statistical significant difference 
was found between the two experience groups for the plantar forces of the left forefoot after 
the competition (t-stat = 1.11, p = .269). 
 
1.2.2 Plantar forces of the right forefoot after the competition for PIMC and novices 
 
Table F1.2.2 reflects the descriptive statistics of the plantar forces after the competition of the 
right forefoot for PIMC and novices. The mean plantar force for the right forefoot was 257.36 
(±61.40) N.  
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Table F1.2.2: Descriptive statistics - Plantar forces of the right forefoot after the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 257.36 61.40 117.02 213.07 259.00 305.51 405.02 
PIMC 43 248.91 62.86 117.02 189.81 260.72 304.61 368.68 
Novices 41 266.22 59.30 182.18 220.00 255.86 305.22 405.02 
 
The mean plantar forces of the right forefoot after the competition, was 248.91 (±62.86) N 
and 266.22 (±59.30) N for PIMC and novices respectively. No statistical significant 
difference was found between the experience groups in term of plantar forces of the right 
forefoot after the competition (t-stat = -1.30, p = .198). 
 
1.2.3 Plantar forces of the left and right forefoot combined after the competition for PIMC  
and novices 
 
Table F1.2.3 reflects the descriptive statistics of the sum of plantar forces after the 
competition of the left and right forefoot combined for PIMC and novices.  
 
Table F1.2.3: Descriptive statistics - Plantar forces of both the right and left forefoot 
combined after the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 417.04 91.27 242.14 341.03 407.75 486.59 609.96 
PIMC 43 413.83 94.37 242.14 326.92 419.26 475.15 595.14 
Novices 41 420.41 88.94 293.70 343.26 389.30 491.22 609.96 
 
The mean sum of plantar forces for the left and right forefoot combined was 417.04 (±91.27) 
N. PIMC and novices had a mean of 413.83 (±94.37) N and 420.41 (±88.94) N respectively. 
No statistical significant difference was found between the experience groups in term of 
plantar forces of the left and right forefoot after the competition (t-stat = -0.33, p = .743). 
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1.2.4 Frequency distribution for plantar forces of the left forefoot after the competition for 
PIMC and novices  
 
Table F1.2.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the left forefoot after the competition for PIMC and novices 
Iron 
Man 
≤ Q1(127.87) > Q1 to < Q3 ≥Q3(193.12) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 8 (19%) 23 (53%) 12 (28%) 43 (100%) 
Novices 13 (32%) 19 (46%) 9 (22%) 41 (100%) 
 
Frequency distribution of plantar forces of the left forefoot indicated a 50% distribution in the 
middle quartiles. PIMC and novices were largely distributed in the middle quartiles with 53% 
and 46% respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure F3: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the left forefoot after the competition for PIMC and novices 
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Figure F3 illustrates the distribution of the forefoot plantar forces. Both groups were 
dominant in the middle quartiles with a bell shape curve, the novices had higher frequencies 
in the lower quartiles, indicating lower forces of the left forefoot after the competition when 
compared to figure F1. 
 
1.2.5 Frequency distribution for plantar forces of the right forefoot after the competition for 
PIMC and novices  
 
Table F1.2.5: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the right forefoot after the competition for PIMC and novices 
Iron 
Man 
≤ Q1(213.07) > Q1 to < Q3 ≥Q3(305.51) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 12 (28%) 20 (47%) 11 (26%) 43 (100%) 
Novices 9 (22%) 22 (54%) 10 (24%) 41 (100%) 
 
Frequency distribution of the right forefoot indicated a 50% distribution in the middle 
quartiles. PIMC and novices were largely distributed in the middle quartiles with 47% and 
54% respectively.  
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Figure F4: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the right forefoot after the competition for PIMC and novices 
 
Figure F4 shows the distribution of the right forefoot plantar forces after the competition. 
Both groups were dominant in the middle quartiles with a bell shaped curve, the novices had 
higher frequencies in the middle quartiles, which may indicate higher forces of the right 
forefoot after the competition. 
 
F2.  PLANTAR FORCES OF THE HEEL 
 
2.1 Plantar forces of the heel before the competition for PIMC and novices 
 
2.1.1 Plantar forces of the left heel before the competition for PIMC and novices 
 
Table F2.1.1 reflects the descriptive statistics of the plantar forces before the competition of 
the left heel for PIMC and novices. The mean plantar forces for the left heel were 384.33 
(±121.77) N.   
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Table F2.1.1: Descriptive statistics - Plantar forces of the left heel before the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 384.33 121.77 87.85 316.56 387.58 448.26 756.25 
PIMC 43 380.61 100.73 172.90 308.83 389.30 442.90 634.60 
Novices 41 388.22 141.72 87.85 329.30 375.00 455.05 756.25 
 
The mean plantar forces of the left heel before the competition, for PIMC and novices were 
380.61 (±100.73) N and 388.22 (±141.72) N respectively. No statistical significant difference 
was found between the two experience groups in terms of plantar forces of the left heel 
before the competition (t-stat = -0.28, p = .776). 
 
2.1.2 Plantar forces of the right heel before the competition for PIMC and novices 
 
Table F2.1.2 reflects the descriptive statistics of the plantar forces before the competition of 
the right heel with a mean of 618.56 (±214.78) N.  
 
Table F2.1.2: Descriptive statistics - Plantar forces of the right heel before the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 618.56 214.78 122.50 484.36 616.73 757.38 1176.85 
PIMC 43 623.46 191.11 226.90 486.78 617.60 779.25 1077.85 
Novices 41 613.43 239.41 122.50 485.70 604.65 741.30 1176.85 
 
The mean plantar forces of the right heel before the competition, of the PIMC were 623.46 
(±191.11) N and for the novices 613.43 (±239.41) N. No statistical significant difference was 
found between the experience groups in terms of plantar forces of the left heel before the 
competition (t-stat = 0.21, p = .832). 
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2.1.3 Plantar forces of the left and right heel combined before the competition for PIMC and  
novices 
 
Table F2.1.3 reflects the descriptive statistics of the sum of plantar forces of the left and right 
heel before the competition with a mean of 1002.89 (±323.29) N.  
 
Table F2.1.3: Descriptive statistics - Plantar forces of both the right and left heel 
combined before the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 1002.89 323.29 210.35 790.84 1014.38 1208.95 1933.10 
PIMC 43 1004.07 277.22 418.50 801.23 1028.65 1226.20 1525.30 
Novices 41 1001.65 369.01 210.35 792.75 1009.40 1200.95 1933.10 
 
The mean sum of plantar forces of the left and right heel before the competition was 1004.07 
(±277.22) N for PIMC and 1001.65 (±369.01) N for novices. No statistical significant 
difference was found between the experience groups in terms of sum of plantar forces for the 
left and right heel before the competition (t-stat = 0.03, p = .973). 
 
2.1.4 Frequency distribution for plantar forces of the left heel before the competition for  
PIMC and novices 
 
Table F2.1.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the left heel before the competition for PIMC and novices 
Iron 
Man 
≤ Q1(316.56) > Q1 to < Q3 ≥Q3(448.26) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 12 (28%) 21 (49%) 10 (23%) 43 (100%) 
Novices 9 (22%) 21 (51%) 11 (27%) 41 (100%) 
 
Frequency distribution of the left heel plantar forces indicated a 50% distribution in the 
middle quartiles. PIMC and novices were largely distributed in the middle quartiles with 49% 
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and 51% respectively. PIMC had slightly higher frequencies in the lower quartiles which may 
indicate lower sum of plantar forces at the heel than novices. 
 
 
Figure F5: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the left heel before the competition for PIMC and novices 
 
Figure F5 illustrates the distribution of the plantar forces of the left heel before the 
competition. Both groups were dominant in the middle quartiles with a bell shape curve, 
while the novices had higher frequencies in the middle quartiles. 
 
  
Quartiles for the plantar forces of the left heel before the competition for PIMC and novices 
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2.1.5 Frequency distribution for plantar forces of the right heel before the competition for 
PIMC and novices 
 
Table F2.1.5: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the right heel before the competition for PIMC and novices 
Iron 
Man 
≤ Q1(484.36) > Q1 to < Q3 ≥Q3(757.38) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 11 (26%) 19 (44%) 13 (30%) 43 (100%) 
Novices 10 (24%) 23 (56%) 8 (20%) 41 (100%) 
 
Frequency distribution of the right heel plantar forces indicated a 50% distribution in the 
middle quartiles. PIMC and novices were largely distributed in the middle quartiles with 44% 
and 56% respectively. PIMC had higher frequencies in the upper quartiles. 
 
 
Figure F6: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the right heel before the competition for PIMC and novices 
 
Quartiles for the plantar forces of the right heel before the competition for PIMC and novices 
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Figure F6 illustrates the distribution of the plantar forces of the right heel. Both groups were 
dominant in the middle quartiles with a natural distribution, the novices had higher 
frequencies in the middle quartiles, while PIMC had higher frequencies in the upper quartiles, 
indicating higher plantar forces. 
 
2.2 Plantar forces of the heel after the competition for PIMC and novices 
 
2.2.1 Plantar forces of the left heel after the competition for PIMC and novices 
 
Table F2.2.1 reflects the descriptive statistics of the plantar forces after the competition of the 
left heel for PIMC and novices. The mean plantar forces for the left heel were 358.11 
(±90.17) N.  
 
Table F2.2.1: Descriptive statistics - Plantar forces of the left heel after the competition 
for PIMC and novice (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 358.11 90.17 182.60 306.09 363.93 417.36 595.55 
PIMC 43 365.63 87.24 203.65 307.73 361.75 421.95 595.55 
Novices 41 350.22 93.57 182.60 274.35 372.80 410.80 575.05 
 
The mean plantar forces of the left heel after the competition, was 365.63 (±87.24) N and 
350.22 (±93.57) N for PIMC and novices respectively. No statistical significant difference 
was found between the experience groups in terms of plantar forces of the left heel after the 
competition (t-stat = 0.78, p = .437). 
 
2.2.2 Plantar forces of the right heel after the competition for PIMC and novices 
 
Table F2.2.2 reflects the descriptive statistics of the plantar forces after the competition of the 
right heel with a mean of 564.33 (±144.55) N.  
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Table F2.2.2: Descriptive statistics - Plantar forces of the right heel after the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 564.33 144.55 244.00 481.73 571.18 644.15 946.25 
PIMC 43 562.07 150.16 253.40 462.80 557.25 632.63 946.25 
Novices 41 566.70 140.26 244.00 486.25 583.90 648.05 907.25 
 
The mean plantar forces of the right heel after the competition for PIMC were 562.07 
(±150.16) N and for novices 566.70 (±140.26) N. No statistical significant difference was 
found between the experience groups in term of plantar forces of the right heel after the 
competition (t-stat = -0.15, p = .884). 
 
2.2.3 Plantar forces of the left and right heel combined after the competition for PIMC and 
novice 
 
Table F2.2.3 reflects the descriptive statistics of the sum of plantar forces after the 
competition for the left and right heel combined. The mean plantar forces for the left and 
right heel were 922.44 (±218.11) N.  
 
Table F2.2.3: Descriptive statistics - Plantar forces of both the right and left heel 
combined after the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 922.44 218.11 459.10 792.66 935.55 1062.66 1541.80 
PIMC 43 927.70 220.94 533.85 797.93 924.75 1060.53 1541.80 
Novices 41 916.92 217.70 459.10 790.75 940.75 1068.10 1482.30 
 
PIMC and novices had means of 927.70 (±220.94) N and 916.92 (±217.70) N respectively. 
No statistical significant difference was found between the groups in terms of sum of plantar 
forces for the left and right heel after the competition (t-stat = 0.23, p = .822). 
 
  
212 
 
2.2.4 Frequency distribution for plantar forces of the left heel after the competition for PIMC 
and novices 
 
Table F2.2.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the left heel after the competition for PIMC and novices 
Iron 
Man 
≤ Q1(306.09) > Q1 to < Q3 ≥Q3(417.36) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 10 (23%) 21 (49%) 12 (28%) 43 (100%) 
Novices 11 (27%) 21 (51%) 9 (22%) 41 (100%) 
 
Frequency distribution of the plantar forces of the left heel indicated a 50% distribution in the 
middle quartiles. PIMC and novices were largely distributed in the middle quartiles with 49% 
and 51% respectively. PIMC had higher frequencies in the upper quartiles, indicating higher 
plantar forces under the left heel. 
 
 
Figure F7: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the left heel after the competition for PIMC and novices 
Quartiles for the plantar forces of the left heel after the competition for PIMC and novices 
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Figure F7 illustrates the distribution of the left heel plantar forces. Both groups were 
dominant in the middle quartiles with a bell shaped curve. The novices had slight higher 
frequencies in the middle quartiles with higher frequencies in the first quartiles that indicate 
more novice participants with lower plantar forces under the right heel. 
 
2.2.5 Frequency distribution for plantar forces of the right heel after the competition for 
PIMC and novices 
 
Table F2.2.5: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the right heel after the competition for PIMC and novices 
Iron 
Man 
≤ Q1(481.73) > Q1 to < Q3 ≥Q3(644.15) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 13 (30%) 20 (47%) 10 (23%) 43 (100%) 
Novices 8 (20%) 22 (54%) 11 (27%) 41 (100%) 
 
Frequency distribution of the plantar forces of the right heel indicated a 50% distribution in 
the middle quartiles. PIMC and novices were largely distributed in the middle quartiles with 
47% and 54% respectively. PIMC had higher frequencies in the upper quartiles. 
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Figure F8: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the right heel after the competition for PIMC and novices 
 
Figure F8 shows the distribution of the right heel plantar forces. Both groups were dominant 
in the middle quartiles with a natural distribution. The novices had slight higher frequencies 
in the middle quartiles with higher frequencies in the upper quartiles indicating higher plantar 
forces under the right heel after the competition. 
 
F3.  PLANTAR FORCES OF THE HALLUX 
 
3.1 Plantar forces of the hallux before the competition for PIMC and novices 
 
3.1.1 Plantar forces of the left hallux before the competition for PIMC and novices 
 
Table F3.1.1 reflects the descriptive statistics of the plantar forces before the competition of 
the left hallux with a mean of 142.29 (±69.20) N.  
  
Quartiles for plantar forces of the right heel after the competition for PIMC and novices 
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Table F3.1.1: Descriptive statistics - Plantar forces of the left hallux before the 
competition for PIMC and novice (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 142.29 69.20 19.50 88.23 145.50 183.58 332.00 
PIMC 43 150.51 74.24 23.10 99.15 137.20 183.85 332.00 
Novices 41 133.66 63.25 19.50 76.80 150.90 181.40 278.00 
 
The mean plantar force of the left hallux before the competition was 150.51 (±74.24) for 
PIMC and 133.66 (±63.25) for novices. No statistical significant difference was found 
between the experience groups in terms of plantar forces of the left hallux before the 
competition (t-stat = 1.12, p = .267). 
 
3.1.2 Plantar forces of the right hallux before the competition for PIMC and novices 
 
Table F3.1.2 reflects the descriptive statistics of the plantar forces before the competition of 
the right hallux with a mean of 226.42 (±117.93) N.  
 
Table F3.1.2: Descriptive statistics - Plantar forces of the right hallux before the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 226.42 117.93 25.80 148.83 218.35 297.55 597.60 
PIMC 43 238.20 113.24 25.80 184.65 227.90 310.05 481.40 
Novices 41 214.07 122.83 27.90 135.50 191.70 263.00 597.60 
 
The mean plantar forces of the right hallux before the competition for PIMC and novices 
were 238.20 (±113.24) N and 214.07 (±122.83) N respectively. No statistical significant 
difference was found between the experience groups in term of plantar forces of the right 
hallux before the competition (t-stat = 0.94, p = .351). 
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3.1.3 Plantar forces of the left and right hallux combined before the competition for PIMC 
and novices 
 
Table F3.1.3 reflects the descriptive statistics of the sum of plantar forces before the 
competition for the left and right hallux combined. The mean sum of plantar forces was 
368.71 (±170.59) N.  
 
Table F3.1.3: Descriptive statistics - Plantar forces of both the right and left hallux 
combined before the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 368.71 170.59 67.60 249.63 359.25 475.95 803.60 
PIMC 43 388.72 166.47 70.40 298.00 385.50 492.40 794.00 
Novices 41 347.72 174.37 67.60 230.60 301.90 445.00 803.60 
 
PIMC and novices had mean sum of plantar forces of 388.72 (±166.47) N and 347.72 
(±174.37) N respectively for the hallux before the competition. No statistical significant 
difference was found between the experience groups in terms of plantar forces of the left and 
right hallux before the competition (t-stat = 1.10, p = .274). 
 
3.1.4 Frequency distribution for plantar forces of the left hallux before the competition for 
PIMC and novices 
 
Table F3.1.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the left hallux before the competition for PIMC and novices 
Iron 
Man 
≤ Q1(88.23) > Q1 to < Q3 ≥Q3(183.58) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 9 (21%) 23 (53%) 11 (26%) 43 (100%) 
Novices 12 (29%) 19 (46%) 10 (24%) 41 (100%) 
 
217 
 
Frequency distribution of the left hallux before the competition indicated a 50% distribution 
in the middle quartiles. PIMC and novices were largely distributed in the middle quartiles 
with 53% and 46% respectively. PIMC had higher frequencies in the lower quartiles. 
 
 
Figure F9: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the left hallux before the competition for PIMC and novices 
 
Figure F9 illustrates the distribution of the forces of the hallux. Both groups were dominant in 
the middle quartiles with a bell shaped curve. The novices had slight lower frequencies in the 
middle quartiles with higher frequencies in the first quartiles indicating lower plantar forces 
under the hallux, while PIMC had much higher frequencies for the middle and upper 
quartiles, indicating higher plantar forces under the left hallux before the competition. 
 
  
Quartiles of the plantar forces of the left hallux before the competition for PIMC and novices 
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3.1.5 Frequency distribution for plantar forces of the right hallux before the competition for 
PIMC and novices 
 
Table F3.1.5: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the right hallux before the competition for PIMC and novices 
Iron 
Man 
≤ Q1(148.83) > Q1 to < Q3 ≥Q3(297.55) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 9 (21%) 21 (49%) 13 (30%) 43 (100%) 
Novices 12 (29%) 21 (51%) 8 (20%) 41 (100%) 
 
Frequency distribution of the right hallux forces indicated a 50% distribution in the middle 
quartiles. PIMC and novices were largely distributed in the middle quartiles with 49% and 
51% respectively. 
 
 
Figure F10: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the right hallux before the competition for PIMC and novices 
Quartiles for the plantar forces of the right hallux before the competition for PIMC and novices 
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Figure F10 shoes the distribution of the right hallux forces before the competition. Both 
groups were dominant in the middle quartiles with a natural distribution. The novices had 
slight higher frequencies in the middle quartiles and higher frequencies in the first quartiles 
indicating lower plantar forces under the right hallux. PIMC had higher frequencies in the 
upper quartiles indicating higher plantar forces under the right hallux. 
 
3.2 Plantar forces of the hallux after the competition 
 
3.2.1 Plantar forces of the left hallux after the competition for PIMC and novices 
 
Table F3.2.1 reflects the descriptive statistics of the plantar forces after the competition of the 
left hallux with a mean of 80.53 (±48.12) N.  
 
Table F3.2.1: Descriptive statistics – Plantar forces of the left hallux after the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 80.53 48.12 3.10 41.55 82.10 102.13 261.30 
PIMC 43 89.22 49.82 7.90 49.90 91.10 114.15 261.30 
Novices 41 71.41 45.07 3.10 37.10 71.50 91.20 203.70 
 
PIMC and novices had mean forces of 89.22 (±49.82) N and 71.41 (±45.07) N respectively. 
No statistical significant difference was found between the experience groups in terms of 
plantar forces of the left hallux after the competition (t-stat = 1.72, p = .090). 
 
3.2.2 Plantar forces of the right hallux after the competition for PIMC and novices 
 
Table F3.2.2 reflects the descriptive statistics of the plantar forces after the competition of the 
right hallux for PIMC and novices. The mean plantar force for the right hallux after the 
competition was 114.01 (±63.84) N.  
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Table F3.2.2: Descriptive statistics – Plantar forces of the right hallux after the 
competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 114.01 63.84 0.00 69.48 107.00 157.38 263.00 
PIMC 43 122.89 62.32 11.00 78.80 120.80 160.40 263.00 
Novices 41 104.69 64.84 0.00 49.20 103.30 150.70 231.90 
 
PIMC had a mean of 122.89 (±62.32) N while novices had a mean of 104.69 (±64.84) N. No 
statistical significant difference was found between the experience groups for the plantar 
forces of the right hallux after the competition (t-stat = 1.31, p = .193). 
 
3.2.3 Plantar forces of the left and right hallux combined after the competition for PIMC and 
novices 
 
Table F3.2.3 reflects the descriptive statistics of the sum of plantar forces after the 
competition for the left and right hallux combined with a mean of 194.54 (±96.77) N.  
 
Table F3.2.3: Descriptive statistics – Plantar forces of both the right and left hallux 
combined after the competition for PIMC and novices (N) 
Iron 
Man 
n Mean SD Min Q1 Median Q3 Max 
All 84 194.54 96.77 8.50 116.20 200.90 252.15 524.30 
PIMC 43 212.11 95.90 18.90 144.15 216.30 253.20 524.30 
Novices 41 176.11 95.36 8.50 101.80 164.40 233.30 424.90 
 
The sum of plantar forces for the left and right hallux after the competition indicated a mean 
of 212.11 (±95.90) N for PIMC and 176.11 (±95.36) N for novices. No statistical significant 
difference was found between the experience groups in terms of sum of plantar forces for the 
left and right hallux after the competition (t-stat = 1.72, p = .088). 
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3.2.4 Frequency distribution for plantar forces of the left hallux after the competition for 
PIMC and novices 
 
Table F3.2.4: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the left hallux after the competition for PIMC and novices 
Iron 
Man 
≤ Q1(41.55) > Q1 to < Q3 ≥Q3(102.13) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 9 (21%) 21 (49%) 13 (30%) 43 (100%) 
Novices 12 (29%) 21 (51%) 8 (20%) 41 (100%) 
 
Frequency distribution of the left hallux forces after the competition indicated a 50% 
distribution in the middle quartiles. PIMC and novices were largely distributed in the middle 
quartiles with 49% and 51% respectively. PIMC had higher frequencies in the upper 
quartiles. 
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Figure F11: Frequency distribution according to Quartiles (Overall) - Plantar forces for 
the left hallux after the competition for PIMC and novices 
 
Figure F11 illustrates the distribution of the left hallux forces after the competition. Both 
groups were dominant in the middle quartiles with a bell shape curve. The novices had 
slightly higher frequencies in the middle quartiles with higher frequencies in the first 
quartiles indicating lower plantar forces under the left hallux than PIMC.  
 
3.2.5 Frequency distribution for plantar forces of the right hallux after the competition for 
PIMC and novices 
 
Table F3.2.5: Frequency Distribution according to Quartiles 1 and 3 - Plantar forces of 
the right hallux after the competition for PIMC and novices 
Iron 
Man 
≤ Q1(69.48) > Q1 to < Q3 ≥Q3(157.38) Total 
All 21 (25%) 42 (50%) 21 (25%) 84 (100%) 
PIMC 8 (19%) 23 (53%) 12 (28%) 43 (100%) 
Novices 13 (32%) 19 (46%) 9 (22%) 41 (100%) 
 
Quartiles for the plantar forces of the left hallux after the competition for PIMC and novices 
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Frequency distribution of the right hallux forces after the competition indicated a 50% 
distribution in the middle quartiles. PIMC and novices were largely distributed in the middle 
quartiles with 53% and 46% respectively. Previous Iron men had higher frequencies in the 
upper quartiles. 
 
 
Figure F12: Frequency distribution according to Quartiles (Overall) - Plantar forces of 
the right hallux after the competition for PIMC and novices 
 
Figure F12 illustrates the distribution of the right hallux forces after the competition. Both 
groups were dominant in the middle quartiles with a bell shaped curve. The PIMC had 
slightly higher frequencies in the middle quartiles with higher frequencies in the upper 
quartiles indicating higher plantar forces under the right hallux after the competition.  
  
Quartiles for the plantar forces of the right hallux after the competition for PIMC and novices 
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APPENDIX G 
Discussion of results for the forefoot, heel and hallux of the total sample 
group 
 
FOREFOOT 
Forefoot forces before the competition had similar relationships as total foot force. Males had 
significantly (p < .05) higher forces than females for both the left and right forefoot areas of 
the feet (refer to table E.1.1.1 – E1.1.3), while novices had no significance, but yet higher 
forces than participants that competed in an Iron Man before (refer to table F1.1.1 – F1.1.3).  
After the ultra-endurance event forces were lower for all participants, although it was not 
significantly lower this agrees with research done by Arndt et al. (2002). Variations in the 
loading and time intervals occur when foot musculature is fatigued.  
In contrast several authors reported increased pressures under the metatarsal heads and 
forefoot after long duration exercise and fatigue (Cheung & Ng, 2008, Weist, Elis & 
Rosenbaum, 2004, Nagel et al., 2006). It is possible that after an ultra-endurance event, 
which entails ten hours or more of activity, the foot function and control of foot roll-over 
compensates to an utter extreme.  
Cheung and Ng (2008), discussed an increased pronation during running and with increase 
running speed there is an increase in muscle fatigue. Therefore it can be said with increased 
time spent in running, there will be an increase in fatigue of the foot and lower leg 
musculature, resulting in an even greater loss of control for foot roll-over. With extreme 
pronation the foot will then collapse or slap down, with the centre of pressure jumping from 
the heel area to the metatarsal heads and toes. 
PIMC had higher forces in their left forefoot, after the competition, when compared to 
novices (refer to table F1.2.1). The right forefoot and sum of right and left forefoot indicated 
the novices to have higher forces in the forefoot. This can possible relate to a higher yet not 
significant compensation by the experts onto their left forefoot, although the right forefoot 
still had higher forces. 
 
HEEL 
Males had statistical significant higher forces (p < .05) when compared to females for the 
heel area before the competition (refer to table E2.1.1 – E2.1.3). Interestingly the average 
force measured under the right heel was almost double the force under the left heel (refer to 
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table E2.1.1 and E2.1.2). Females may have lower heel forces due to lower weights, resulting 
in lower force production at heel strike (Perttunen, 2002). Participants that previously 
completed an Iron Man event had lower forces in their left heel, but higher forces in their 
right heel when compared to novices before the competition (refer to table F2.1.1 – F2.1.3). 
For the forefoot, novices had higher forces in the left and right feet. This indicated a possible 
higher loading of the right heel for PIMC.  
Hasengawa et al. (2007), observed top ranked endurance athletes to have higher midfoot 
striking patterns during running. Prentice (2009) and Hasengwa et al. (2007), stated that there 
is increase in heel pressure with faster walking speeds. Therefor a “comfortable” walking 
speed was used as suggested by several studies (Wearing et al., 1999, Steffen, hacker & 
Mollinger, 2002, Burnfield et al. 2004, Chiu & Wang, 2007 & Perttunen, 2002). It is possible 
that previous iron men had a faster walking speed when walking over the platform with the 
right foot, as research suggest that most athletes are midfoot strikers.  
After the Iron man competition mean heel forces were lower than before the competition. 
Males still had significantly higher (p < .05) heel forces than females (refer to table E2.2.1 – 
E2.2.3). Right heel forces were once again higher than left heel forces, but interestingly, 
although not significantly the novices had higher right heel forces after the competition, with 
left heel and sum of right and left heel having similar ratio‟s as before the event (refer to table 
F2.2.1 – F2.2.3). Compensation from a controlled dorsiflexion to fatigued muscles to control 
heel strike could be the cause. With fatigue of tibialis anterior, extensor digitorum longus, 
extensor hallicis longus and peroneus tertius the heel strike action cannot be controlled and 
forces can increase as the foot strikes down (Prentice, 2009). 
 
HALLUX 
Before the competition males had significantly higher forces, than females, under the hallux 
(p < .05), for the left, right and sum of left and right hallux (refer to table E3.1.1 – E3.1.3).  
The right hallux had higher forces than the left hallux. Participants that compete in an Iron 
Man event before had higher forces, than novices, for the hallux (refer to table F3.1.1 - 
F3.1.3). Similar ratios resulted in the force of the hallux after the competition. Males and Iron 
Men had higher forces than females (p < .05) and novices. The right hallux had almost 
double the force of the left hallux, once again as with the heel; this right foot area carries 
double the force of the relevant left foot area. Comparing the before and after competition 
forces the hallux had almost half the force after the competition.  
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This does not agree with previous studies that reported increase in force and pressure under 
the metatarsals and toes after an endurance event. The authors also discussed an increase in 
hallux pressure due to the small amount of compressed tissue under the toes and high peak 
velocities of dorsiflexion at push-off (Morag & Cavanagh, 1999). Nagel et al. (2006) did find 
reduced pressures under the toes after a marathon. This was accompanied by increase 
pressures in the forefoot, and they speculated that the shift in peak pressures were due to low 
aerobic fitness, high arched feet, high running speeds and increased ground reaction forces 
with the fatigue of lower leg musculature.  
The fatigue of the lower leg musculature could be the main reason for the drastic decrease in 
force under the hallux from before to after the ultra-endurance event. Force under the hallux 
would be created by the toe-off phase of the gait cycle (Abboud, 2002). With fatigue of 
musculature (plantar flexors for push-off) the acceleration and deceleration, which are 
controlled by muscle function, can cease to control the kinematic and kinetic progression of 
the foot with the ground. After a long endurance event such as the Iron Man, athletes loose 
normal heel-to-toe movement of gait and rather adapt a „shuffle‟ style when walking to 
compensate for the lack of economy due to fatigued musculature. The shuffling will decrease 
toe-off action, decreasing the force under the hallux. 
 
